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Foraging ecology of shorebirds at a stopover site: niche dynamics, aggression and resource 
use in Delaware Bay 
By 
Ivana Novcic 
Advisor: Richard R. Veit 
Classical ecological theory predicts that generally similar species ought to partition resources in 
order to minimize competition amongst themselves. This basic idea becomes complex when one 
is dealing with species that migrate over thousands of miles and forage in a broad diversity of 
habitats and geographical locations. I studied a suite of migratory sandpipers, and asked whether 
they partitioned niches at a major migratory stopover in Delaware Bay. During migration, 
shorebirds form large, usually mixed-species flocks, which forage on marshes, mudflats, beaches 
or similar two-dimensional habitats where all individuals are distributed on the same horizontal 
plane. These habitats are often affected by the tidal cycle forcing birds to feed at the same time, 
which leads to intensified competition through both depletion and interference. Using 
multidimensional niche approach, I explore whether coexisting shorebirds separate by time of 
passage, habitat use and foraging behavior, during northbound migration, at the time shorebirds 
gather in large numbers to capitalize on eggs of spawning horse shoe crabs (Limulus 
polyphemus) (Chapter 1). I hypothesize that differential migration timing is the most important 
dimension for separation of species. Also, I investigate aggressive interactions of shorebirds 
(Chapter 2), hypothesizing that birds will exhibit more aggression toward conspecifics than to 
heterospecifics, as individuals of the same species, due to morphological similarity, more often 




species through PCR of prey DNA from birds’ fecal samples with horseshoe crab specific 
primers that I designed for this study (Chapter 3). My research demonstrates that shorebird 
species mostly separate by differential timing of spring migration during stopover in Delaware 
Bay. Also, the study confirms higher measures of aggression between conspecifics than between 
heterospecifics, although the incidence of interspecific interactions was higher than previously 
reported for shorebirds, most likely due to interspecific dominance relationships. The presence of 
interspecific aggression in mixed-species foraging flocks emphasizes the importance of temporal 
segregation between migratory species, as such ecological segregation may reduce the 
opportunity for interspecific aggressive encounters, which in turn can have positive effects on 
birds’ time and energy budget during stopover period. In addition, this study corroborates the 
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The concept of ecological niche plays an important role in ecology and it has been used in a wide 
range of studies on community structure, population regulation, competition, predation and 
biogeography (Leibold 1995). Pianka (1974, p. 185) underlined its significance by defining 
ecology as “the study of niches”, however there are several alternative interpretations of this 
concept. The model that had most influence on ecological research the last couple of decades 
was proposed by Hutchinson (1957), who described niche as multidimensional hypervolume 
space where each dimension represents an environmental variable under which organisms can 
survive and reproduce. Thus, a set of all environmental conditions that allows individuals of a 
particular species to survive and reproduce constitute an idealized “fundamental” niche that is 
free of competitors and predators. However, these ideal conditions are never met in reality where 
biotic constraints narrow hypervolume to a “realized” niche, which represents a set of conditions 
under which organisms actually exist within communities. Although the idea of niche 
multidimensionality is important since it includes all the environmental factors, both abiotic and 
biotic, that permit species to persist, it is an abstraction since it is never possible to know all 
those factors. In K-selected organisms, these dimensions can be reduced to three most important 
ones – food, space and time (Pianka 1974) or four – resources, natural enemies, space and time 
(Chesson 2000). 
Irrespective of how it is defined narrowly, the concept of niche is closely related to issues of 
species coexistence and competition (Chesson 2000). Theoretically, two competitive species can 
coexist when their niches are partitioned, i.e. when they differentially utilize resources (Schoener 




always a consequence of interspecific competition, neither it is easy to demonstrate such a 
relationship (Schoener 1974, Townsend et al. 2003), it is seen as one of the most important 
mechanisms of diversity maintenance, which contributes to stable coexistence of species within 
communities (Chesson 2000, Levine and HilleRisLambers 2009). 
During migration, shorebirds form large, usually mixed-species flocks, which forage on 
marshes, mudflats, beaches, flooded fields or similar two-dimensional habitats where all 
individuals are distributed on the same horizontal plane (Recher 1966). These habitats are often 
affected by the tidal cycle forcing birds to feed on the same horizontal plane at the same time, 
which leads to increased competition through both depletion and interference (Recher and 
Recher 1969, Burger et al. 1977). The strength of competitive interactions between species 
depends on the abundance of resources, as well as means species utilize those resources. 
Accordingly, knowledge on differential utilization of resources and how individuals respond to 
changes in availability of resources (e.g. using different feeding techniques or changing the level 
of aggressiveness), may be important in understanding the dynamics of bird communities. In this 
study, I examine whether migrating shorebirds partition niches during spring stopover (Chapter 
1), how abundance and distribution of resources affect aggressive interactions between birds 
(Chapter 2), and how different shorebird species utilize available resources employing molecular 
analysis of diet (Chapter 3). 
Shorebirds are a group of birds that exhibit a great diversity in life histories, morphologies, 
social and mating systems, foraging ecologies and migration strategies and thus it is very 
difficult to find a common denominator for all that variability, except that most shorebirds are 
associated with different water habitats where they breed or forage (Message and Taylor 2005, 




belonged to the suborder Charadrii (Charadriiformes) (Peters 1934), although recent research 
based on mitochondrial and nuclear DNA sequencing demonstrated that the Charadrii (sensu 
Peters 1934) includes two distinct clades of shorebirds – plover-like (order Charadrii) and 
sandpiper-like birds (order Scolopaci) (Ericson et al. 2003, Thomas et al. 2004, Paton and Baker 
2006, Baker et al. 2007). The majority of species is placed in two families with a cosmopolitan 
distribution – plovers (Charadriidae) and sandpipers (Scolopacidae) (Cramp 1983). 
Over 60% of shorebirds are migrants (Warnock et al. 2001). On their way between breeding 
and wintering areas, migrating shorebirds stop at different sites along the migration route to 
regain body mass before continuing flight (Myers et al. 1987). These staging areas have proven 
to be of crucial importance for migrants, not just in terms of refueling lipids and proteins 
necessary for completion of migratory flight, but also in terms of reproductive success in 
northern breeding habitats (Drent et al. 2003, Baker et al. 2004). Worldwide, shorebirds depend 
on a small number of strategic stopovers where they reach high abundance. One such place is 
Delaware Bay which is the second most important stopover area for shorebirds in the Western 
Hemisphere and it is a critical migratory stopover area for a couple of species of shorebirds 
(Clark et al. 1993, Niles et al. 2009). During spring migration 300000-600000 shorebirds use it 
to capitalize on eggs of spawning horseshoe crabs (Limulus polyphemus) (Myers 1986, Clark et 
al. 1993, Botton et al. 1994, Tsipoura and Burger 1999). However, in the last decade due to 
harvest for commercial bait fishery and biomedical research, the abundance of horseshoe crabs 
and their eggs significantly declined, which could be a reason why populations of shorebirds 
experienced negative trends in the last decade (Niles et al. 2009). 
Due to habitat loss, human disturbance, prey depletion and increasing predation, populations 




75 biogeographic populations of shorebirds occurring in North America, 42 are in decline 
(Morrison et al. 2006). Hence, knowledge on how these birds use available resources at 
stopovers and how they respond to changes in resource availability is necessary for effective 
shorebird conservation (Brown et al. 2001). In this study, I focus on foraging ecology and 
behavior of dunlins (Calidris alpina), semipalmated sandpipers (Calidris pusilla), least 
sandpipers (Calidris minutilla) and short-billed dowitchers (Limnodromus griseus), during spring 
stopover in Delaware Bay. All four species are intermediate to long-distance migrants that 
migrate along coasts and across interior (Warnock and Gill 1996, Jehl et al. 2001, Nebel and 
Cooper 2008, Hicklin and Gratto-Trevor 2010). During migration, dunlins, semipalmated 
sandpipers and short-billed dowitchers are highly concentrated in the North Atlantic, which is 
recognized as an extremely important region for these species (Brown et al. 2001). 
In Chapter 1 I investigate whether the study species segregate in Delaware Bay by time of 
passage, habitat use and foraging behavior. Phenotypic differences between ecologically similar 
species allow them to differentially utilize resources (Schoener 1974). In bird communities, 
members of a guild may consume food items of different size due to differences in bill length or 
shape (Holmes and Pitelka 1968, Lack 1971) or overall body size (Ashmole 1968), they may 
forage in different habitats, e.g. in water of different depth due to differences in tarsal length 
(Recher 1966, Baker and Baker 1973, Baker 1979, Davis and Smith 2001), or they may engage 
in different feeding techniques due to differences in bill size and shape (Baker and Baker 1973, 
Davis and Smith 2001). Sandpipers are a good model for the study of niche partitioning because 
they belong to the same ecological guild and exhibit differences in above mentioned features that 
could be linked with exploitation of resources (Piersma 2007). I hypothesize that most of the 




temporal niche dimension, i.e. by differential migration timing (Recher 1966, Howlett et al. 
2000). Also, I assess effects of increased food availability on niche dynamics, hypothesizing that 
differences between foraging niches of shorebird species will be less prominent due to relaxed 
competition (Wiens 1977, Wiens 1989).  
In Chapter 2, I examine aggressive behavior of shorebirds, hypothesizing that birds will 
exhibit more aggression toward conspecifics than to heterospecifics, as individuals of the same 
species, due to morphological similarity, more often compete for resources (Morse 1980). Also, I 
compare aggressive behavior of shorebirds on three types of habitats where shorebirds are 
exposed to different ecological conditions. The level of aggressiveness varies under different 
ecological settings, particularly with respect to prey abundance and distribution and density of 
foragers (Dubois et al. 2003). According to the optimality “resource defense” approach, 
aggression should be favored when resources are easily defended, such as the case with abundant 
patchily distributed food supplies, as individuals do not put a lot of effort in their defense and can 
quickly replenish spent energy (Brown 1964, Maurer 1984, Grant 1993). Also, foragers should 
be less aggressive at high and low group densities compared to intermediate densities (Grant et 
al. 2000, Dubois et al. 2003, Dubois and Giraldeau 2005). Thus, I hypothesize that abundance 
and distribution of prey, as well as competitor density affect per-capita rates of aggression. 
In Chapter 3, I examine the importance of horseshoe crab eggs for the study species through 
polymerase chain reaction amplification of prey DNA from birds’ fecal samples with horseshoe 
crab specific primers designed for this study. Also, I explore the importance of amphipods as 
alternative prey using amphipod-specific primers (Jarman et al. 2006) and try to identify 
additional food sources for migrating shorebirds. The use of novel PCR-based techniques is an 




conditions, and hence, the method has been successfully used to investigate the diet of birds 
(Sutherland 2000, Jarman et al. 2002, Deagle et al. 2007, Deagle et al. 2010). 
My research demonstrates that differential timing of spring migration is the most important 
dimension along which shorebird species segregate while at stopover in Delaware. Also, the 
study confirms higher measures of aggression between conspecifics than between 
heterospecifics, although the incidence of interspecific interactions was higher than previously 
reported for shorebirds, most likely due to interspecific dominance relationships. Temporal 
separation of migratory species may limit the opportunity for interspecific competition during 
stopovers, although the role of competition in the context of migratory schedules can be 
discussed on a hypothetical level as migration timing depends on many factors (Newton 2006). 
However, the presence of interspecific aggression in mixed-species foraging flocks emphasizes 
the importance of temporal segregation between migratory species as such ecological 
segregation may reduce the opportunity for interspecific aggressive encounters, which in turn 
can have positive effects on birds’ time and energy budget during stopover period. 
In addition, this study corroborates the importance of horse shoe crab eggs for migrating 
shorebirds and suggests a strong preference of birds for horseshoe crab eggs at the end of May, 
when eggs are readily accessible, which emphasizes the importance of crab eggs for late-coming 






Niche dynamics of coexisting shorebirds at a stopover site: Foraging behavior, habitat 
choice and migration timing in Delaware Bay 
 
Abstract 
Niche differentiation through resource partitioning is seen as one of the most important 
mechanisms of diversity maintenance contributing to stable coexistence of different species 
within communities. In this study, I examined whether four species of migrating shorebirds, 
dunlins (Calidris alpina), semipalmated sandpipers (Calidris pusilla), least sandpipers (Calidris 
minutilla) and short-billed dowitchers (Limnodromus griseus), segregate by time of passage, 
habitat use and foraging behavior during spring migration. I hypothesized that most of the 
separation between morphologically similar species on the study sites will be achieved along the 
temporal niche dimension, i.e. by differential migration timing. Also, I assessed effects of 
increased food availability on niche dynamics, hypothesizing that differences between foraging 
niches of shorebird species will be less prominent due to relaxed competition. Despite the high 
level of overlap along observed niche dimensions, this study demonstrates a certain level of 
ecological separation between migrating shorebirds. The results of analyses suggest that 
differential timing of spring migration might be the most important dimension along which 
shorebird species segregate while at stopover in Delaware Bay. Besides the differences in time of 
passage, species exhibited differences in habitat use and to a lesser extent in foraging behavior. 
Such ranking of niche dimensions emphasizes significance of temporal segregation of migratory 
species – separation of species by time of passage may reduce the opportunity for interspecific 




during stopover period. This study did not demonstrate consistent increase in niche overlap under 
conditions of enhanced food supplies, suggesting that observed patterns in utilization of foraging 
microhabitats and feeding methods are rather a consequence of species response to different 
environmental conditions than relaxed competition due to enhanced food supplies. 
Introduction 
Populations of migratory birds may be limited not only during breeding or wintering seasons but 
also during migration, mainly by conditions birds encounter at staging areas along migration 
routes (Newton 2006). Although decline in population size of many migratory species has been 
linked to events on their breeding and wintering grounds, there is a growing body of evidence 
that relates these declines to events on migratory habitats as well, particularly for species that 
depend on a small number of crucial stopovers, such as shorebirds and waterfowl (Newton 2004, 
Skagen 2008). Insufficient food and increased competition on staging sites may lead to reduced 
feeding and fuelling rates, which can affect later survival and reproduction. Thus, many studies 
correlated body condition of birds at stopovers with their subsequent re-sightings or reproductive 
success (Prop and Deerenburg 1991, Ebbinge and Spaans 1995, Bêty et al. 2003, Baker et al. 
2004, Morrison 2006). 
During migration, shorebirds form large, usually mixed-species flocks, which forage on 
marshes, mudflats, beaches, flooded fields or similar two-dimensional habitats where all 
individuals are distributed on the same horizontal plane (Recher 1966). These habitats are often 
affected by the tidal cycle forcing birds to feed at the same time, which leads to increased 
competition through both depletion and interference (Recher and Recher 1969, Burger et al. 
1977). Theory predicts that two competitive species can coexist in a stabile equilibrium when 




intraspecific competition is stronger than interspecific competition (Pianka 1974, Chase and 
Leibold 2003), or when slight ecological differences exist between similar species, i.e. when 
their niches are differentiated (Townsend et al. 2003). Niche differentiation occurs through 
resource partitioning, that is differential resource utilization by the community constituent 
species or it occurs when competing species respond differently to variable environmental 
conditions (Schoener 1974, Townsend et al. 2003, Northfield et al. 2010). 
Even though resource partitioning between species is usually viewed in the light of both past 
and present interspecific competition, it is difficult to ascribe these ecological differences 
between species to competition since there are several alternative explanations (Schoener 1974). 
Thus, ecological separation can be a result of the current competition, when ineffective 
competitors are prevented of using a full set of resources; the separation can result from the past 
competition to which species responded by adaptive divergence; the separation can be a 
consequence of the past competition that eliminated other species and left only those that did not 
compete or the separation has nothing to competition at all, it just happens that coexisting species 
are different (Townsend et al. 2003). Moreover, Martin (1996) experimentally demonstrated that 
resource partitioning can be reinforced by predation. However, in spite of difficulties to link it 
directly to interspecific competition, resource partitioning is seen as one of the most important 
mechanisms of diversity maintenance, which together with frequency-dependent predation tends 
to amplify negative effects of intraspecific competition relative to interspecific competition, thus 
allowing stable coexistence of different species within communities (Chesson 2000, Levine and 
HilleRisLambers 2009). 
Phenotypic differences between ecologically similar species allow them to differentially 




items of different size due to differences in bill length or shape (Holmes and Pitelka 1968, Lack 
1971) or overall body size (Ashmole 1968), they may forage in different habitats, e.g. in water of 
different depth due to differences in tarsal length (Recher 1966, Baker and Baker 1973, Baker 
1979, Davis and Smith 2001), or they may engage in different feeding techniques due to 
differences in bill size and shape (Baker and Baker 1973, Davis and Smith 2001). The most 
commonly partitioned resources in K-selected organisms are food, space and time, and thus 
ecologically similar species can eat different food, utilize different microhabitats or be active at 
different time (Pianka 1974). According to Schoener (1974), niches of different species in 
communities are partitioned most commonly on a habitat dimension, than on a food-type 
dimension and finally on a temporal dimension. However, in migratory species such as 
shorebirds, this pattern can be reversed, since some pairs of morphologically similar species tend 
to migrate at different time and thus segregate temporally (Recher 1966, Howlett et al. 2000). 
Here, I explore niche partitioning of coexisting shorebirds in Delaware Bay during 
northbound migration, at the time shorebirds gather in large numbers to capitalize on eggs of 
spawning horse shoe crabs (Limulus polyphemus) (Myers 1986, Botton et al. 1994, Tsipoura and 
Burger 1999). During spring migration in Delaware Bay, majority of species start arriving at the 
beginning of May, reach peak numbers by the end of May and leave the bay by the second week 
of June (Clark et al. 1993). Birds are distributed on beaches, mudflats, creeks and salt marshes, 
where some of the species show preferences toward sandy habitats, while others prefer mudflats 
and marshes (Clark et al. 1993), but distribution of all shorebird species in the bay is strongly 
affected by the tidal cycle, as tides affect availability of both prey and foraging areas (Recher 
1966, Evans 1979, Burger 1984) – during low tides birds are mainly located on beaches and 




Burger et al. 1997). Under circumstances of increased density of foragers on tidal areas, it is 
reasonable to assume that traits that maximize ecological segregation of species, i.e. minimize 
interspecific overlap in resource and habitat use, may have positive implication on time and 
energy budget of birds while at stopover sites (Howlett et al. 2000). This may be particularly 
important during spring migration, when birds have a relatively short window of time to 
complete migratory journey before reaching northern breeding areas (Pienkowski and Evans 
1984, Colwell 2010). 
Many studies have demonstrated ecological segregation of bird species while at stopovers 
with respect to time of passage (Recher 1966, Howlett et al. 2000), habitat use (Recher 1966, 
Burger et al. 1977, Spina et al. 1985, Howlett et al. 2000, Davis and Smith 2001, Randler et al. 
2009), foraging behavior (Recher 1966, Davis and Smith 2001, Randler et al. 2009) or diet 
(Marchetti et al. 1996, Davis and Smith 2001). Nevertheless, just a few studies applied a 
multidimensional approach in examination of niche partitioning between migratory species, so 
the knowledge on rank of different niche dimensions that contribute to ecological segregation of 
species is still limited. Howlett et al. (2000) showed that some pairs of morphologically similar 
sylviid warblers exhibited stronger separation in migration timing than in habitat use at stopovers 
during spring migration. Davis and Smith (2001) examined foraging niche relationships of four 
species of shorebirds during spring and fall migration, for four niche dimensions – diet, prey 
size, microhabitats utilization and foraging behavior, and concluded that the microhabitat was the 
most important dimension for the segregation of species. However, their research did not include 
temporal niche dimension, so it is not clear how time of passage through stopover areas 




In this study, I investigate whether dunlins, semipalmated sandpipers, least sandpipers and 
short-billed dowitchers, segregate in Delaware Bay by time of passage, habitat use and foraging 
behavior. The selection of the studied species is based on two criteria: there is a morphological 
similarity between pairs of species with a gradient in overall body size and bill size (Warnock 
and Gill 1996, Jehl et al. 2001, Nebel and Cooper 2008, Hicklin and Gratto-Trevor 2010) and 
coexistence during spring migration (Clark et al. 1993). Here, I test the hypothesis that most of 
the separation between morphologically similar species on the study sites will be achieved along 
the temporal niche dimension, i.e. by differential migration timing. Thus, my prediction is that 
time of passage through Delaware Bay will be more important variable along which pairs of 
similar species separate than habitat or behavioral niche components. Also, I test the hypothesis 
that under conditions of increased food availability, differences between foraging niches of 
species will be less prominent, i.e. the level of niche overlap will be higher along niche 
dimensions. When resources are scarce, in order to alleviate the level of competition, an overlap 
along one dimension is usually associated with a contraction of a niche along other dimensions 
(Pianka 1974). On the other hand, when resources are abundant, due to relaxed competition the 
level of niche overlap is increased (Wiens 1977, Wiens 1989). These conditions of greater food 
abundance are met on Delaware Bay beaches where horseshoe crabs lay eggs (Botton et al. 1994, 
see Chapter 3), where I predict to detect more similarities between studied species in habitat use 
and foraging behavior. 
Methods 
Fieldwork 
The study was conducted from mid-March to beginning of June in 2011 and 2012, at four 




Bivalve (39°14’N 75°02’W), Matts Landing (39°14’N 75°00’W) and Fortescue (39°13’N 
75°10’W) (Figure 1.1). Thompson’s Beach and Bivalve are tidal marshes dominated by grasses 
(Spartina spp.) with exposed mudflats where sandpipers, including dowitchers, forage during 
low tides; the size of areas with exposed mud where birds can be observed is limited – on 
Thompson’s Beach approximately 0.4 km
2
, in Bivalve 1.6 km
2
. Matts Landing is a part of 
Heislerville Wildlife Management Area consisting of several impoundments 
(http://www.state.nj.us/dep/fgw/tour_capemay-delbay.htm). The water in two of the 
impoundments is maintained at an artificially low level during spring, when shorebirds use them 
as a roosting place during high tides and to a smaller extent as a foraging spot, especially in early 
spring. The majority of birds recorded at Matts Landing was present at the smaller of two 
impoundments which is further in text denoted as “the main” impoundment. The habitat in 
Fortescue is a sandy beach where birds forage at low tides. During the study season 2012, due to 
technical issues, the water level at both impoundments in Matts Landing remained high until 
mid-April, while in the same period Thompson’s Beach was subject to extensive dredging 
project conducted by the New Jersey Public Service Electric and Gas Company. For mentioned 
reasons, shorebirds could not use these areas for roosting and foraging and thus, I was not able to 
observe them there until late April. 
With the goal of estimating the change in abundance of studied species throughout the 
season, I counted birds once or twice a week on their roosting site during high tides, as well as 
their feeding sites during low tides. In Matts Landing and Bivalve, I counted birds along 
transects, while in Fortescue and Thompson’s Beach I counted from one or two vantage points 
depending on bird abundances (Gibbons and Gregory 2006). In Matts Landing, I started counting 




the lowest tide. During each visit I conducted more than one count with the maximum number of 
recorded birds taken as the total number for that day. 
In order to estimate habitat use and foraging methods, I recorded birds with a digital camera 
(Panasonic HDC-TM60, optical zoom 35X) from an approximate distance of 5 – 60 m, 
depending on a recording location. I obtained data on habitat use by scanning foraging flocks or 
solitary feeding individuals of least sandpipers either by recording different foraging flocks along 
transects or by recording birds from one point at regular intervals, ranging 10 – 30 minutes when 
possible, as birds were often alarmed by predators, notably peregrine falcons (Falco peregrinus). 
In that case I waited birds to settle down and continued scanning a couple of minutes after they 
had landed or ceased recording if birds flew away. I sampled foraging behavior by observing 
focal individuals – I randomly chose an individual from a foraging flock and recorded it for 60 
seconds or until the bird changed behavior or was lost from sight. Occasionally, I recorded a 
group of foraging individuals from which I chose one to several focal individuals following the 
same procedure. Scan videos were obtained in both 2011 and 2012, while all focal videos were 
obtained in 2011. 
Foraging microhabitats 
Based on characteristics of the substrate where birds foraged, I distinguished among the 
following categories of microhabitats: dry mud – birds did not sink while walking; soft mud – 
with or without a thin layer of water on the surface, birds sank while walking; sand; gravel; 
rocks; vegetation – area of mud or sand up to one body length of a foraging bird around tussocks 
of Spartina spp. or some other plants, such as reeds; “mossy” shore – edge of mudflat covered 




depth; water above 9 cm of depth and wave zone – the beach area under the constant wave runs. 
Details on the microhabitat types at study locations are listed in Table 1.1. 
Given that I was not able to measure the exact water depth on study locations, I 
approximated the depth of water birds foraged in relative to each shorebird’s leg (Baker and 
Baker 1973). Thus, birds that foraged in water below their inter-tarsal joint (roughly up to half 
length of the tarsometatarsus) were in the water “category 1”; birds which both tarsometatarsus 
and tibiotarsus were submerged were in the water “category 2”; birds which bellies and flanks 
were submerged were in the water “category 3”; and occasionally, some birds foraged with 
submerged scapulars and they were in the water “category 4”. In order to translate these 
categories to water depths, I obtained tarsus and tibia measurements on specimens from the 
ornithology collection of the American Museum of Natural History. I measured around 100 skins 
of each species, almost equal number of males and females collected along the Atlantic 
American flyway. I used the mean values for both tarsus and tibia to assess the water depth. 
Further, as the water “categories 3 and 4” included bellies, flanks and scapulars, measurements 
that could not be obtained from the museum skins, I chose 10 individuals of each species from 
recorded videos, measured their bodies including mentioned body parts (belly + flank and belly 
+ flank + scapulars) and converted these measurements to cm relative to the known tarsus length. 
Inevitably, this method is subject to inaccuracy, but given the size of the study species I believe 
that increment of water depth per 3 cm can efficiently reflect distribution of birds in different 
foraging zones. 
Foraging behavior 
Based on use of the bill during foraging, I distinguished between following feeding methods: 




to ¼ of the total bill length in a single motion; multiple peck - a rapid series of two to several 
pecks; single probe - a bird inserts its bill into the soil or water more than ¼ of the total bill 
length in a single motion; multiple probe - a rapid series of two to several probes (Baker and 
Baker 1973). In addition to pecks and probes, as traditionally recognized feeding methods in 
shorebirds, I also observed “skimming” (termed by MacDonald et al. 2012, “grazing” according 
to Kuwae et al. 2008), when a tip of bird’s bill remains in extended contact with the substrate 
surface accompanied with throat movements, as the food progresses through the alimentary 
system. Also, during skimming a foraging bird moves much slower compared to pecking and 
probing (Kuwae et al. 2008, MacDonald et al. 2012). 
Video analysis 
I analyzed videos using programs HD Writer AE 2.0 (Panasonic) and Windows Live Movie 
Maker (Microsoft). From each scan video I recorded the total number of foraging individuals and 
habitats they foraged in. Thus, the assessment of microhabitat utilization was confined on the 
spatial scale of study locations. In most cases one scan video contained one foraging flock, 
although foraging birds were occasionally separated in two groups, usually with wide water-
filled canals, that were treated as different foraging flocks. All focal videos were viewed in half 
speed slow motion, when for each individual I recorded feeding rates – the number of pecks, 
probes or skims per unit of time. If I observed more than one individual from a focal video, I 
chose maximum one individual per quadrant of field of view. To assess the repeatability of focal 
observations, particularly with respect to multiple pecking and skimming (during both methods 
birds maintain contact between a bill tip and the sediment surface, and thus these two foraging 
methods can be often difficult to distinguish), I randomly chose five individuals of dunlins, 




them five times in separate days. Frequencies of occurrence of different feeding methods during 
separate observations for each individual were compared by Chi-square test where the number of 
recorded behavioral methods was randomized 5000 times. No significant differences were 
detected by this test, p-values for dunlins ranged 0.95 - 1, for semipalmated sandpipers p = 0.85 
– 1, and for least sandpipers p = 0.84 - 1, suggesting that the observations were consistent. Given 
that I did not observe skimming and multiple pecking in dowitchers, they were not subject to this 
analysis. Only focal videos collected in 2011 were analyzed. 
Data analysis 
To determine whether shorebird species segregate on a temporal scale while at stopover in 
Delaware Bay, I divided the migration period in 7-day intervals (weeks), with week 1 starting on 
January 1 and week 23 ending on June 12 in 2011 or June 10 in 2012. Thus, the study period in 
2011 (March 11 – June 1) included weeks 10 to 22, while the study period in 2012 (March 18 – 
June 4) included weeks 11-23. Although the numbers of birds counted at the main impoundment 
in Matts Landing were considerably higher than counts from other locations, especially at the 
peak of migration period in late May, I decided to include data obtained from other study sites as 
well. Thus, I calculated the total number of individuals of a particular species by summing the 
maximum number of birds counted in Matts Landing, Bivalve and Thompson’s Beach for a 
given week. Counts from Fortescue were excluded from the analysis, since birds started using 
this location as a feeding ground well into migration season, following the rise of spawning 
horseshoe crabs. Even though adding up individuals counted on foraging sites at low tides and 
roosting sites at high tides may lead to an inaccurate estimate of the total number of birds present 
in the study area, as the same individuals may be accounted for twice, there are two reasons for 




individuals observed in Bivalve and Thompson’s Beach roosted in Matts Landing – while all 
these locations are within a couple of miles radius, birds do not use the main impoundment for 
rest at night, which indicates the presence of alternative roosting sites in the study area. 
Therefore, excluding birds from these two locations would underestimate the total number of 
birds present in the study area. Second, both impoundments in Matts Landing, as well as 
Thompson’s Beach were unavailable to birds until late April in 2012. Hence, the surveys 
conducted in Bivalve were the only source of data on the timing of the first arrivals in the study 
area that year. Prior to data analysis, I examined frequency distribution of count dates with 
Shapiro-Wilk test, which revealed that data were not normally distributed (p < 0.05 for all date 
distributions). For that reason, I tested differences in timing of migration between studied species 
using two-sample Kolmogorov-Smirnov test applied to weekly counts, with Bonferroni 
correction for pairwise comparisons. Data were square-root transformed so that more abundant 
species were not disproportionally represented in the analysis. Counts for 2011 and 2012 were 
analyzed separately. 
I examined how different species of shorebirds utilized foraging microhabitats with zero-
inflated negative binomial models (ZINB), as the distribution of count data was strongly zero-
inflated (Figure 1.2). Negative binomial distribution is chosen over Poisson distribution (ZIP) as 
it is more appropriate to deal with overdispersion in the count data (Zuur et al. 2009); the 
likelihood ratio test supported use of ZINB over ZIP for my data set (
2
 = 41650, p < 0.001). I 
ran ZINB for each species individually, pooling data collected in Matts Landing, Thompson’s 
Beach and Bivalve, as those sites shared structural and ecological similarities (e.g. distribution of 
microhabitats and prey type).  Since not all microhabitat categories were present at all three sites, 




“mossy shore” categories were combined in the “vegetation” category. Counts from Fortescue 
were analyzed separately. 
The data on foraging behavior were analyzed with binomial generalized linear model (GLM) 
for presence-absence data (Zuur et al. 2009), with behavior used as the response variable (coded 
1 if a focal bird exhibited a particular feeding method, or 0 if a bird did not use the method). 
Similarly as in the analysis of habitat utilization, I ran binomial GLM on each species separately, 
combining data from Matts Landing, Thompson’s Beach and Bivalve. 
To calculate diversity in both habitat use and foraging techniques I used the Shannon-Wiener 
diversity index, H = -pi (lnpi), where pi is the proportion of habitat/foraging technique i in the 
total use of habitats/ foraging techniques (Krebs 1999). Difference between two diversity indices 




H2), where H1 and H2 are Shannon-Wiener indices 
for two species, and SH1 and SH2 are their variance (Zar 1999), with Bonferroni correction for 
pairwise comparisons. I used Horn’s index to calculate niche overlap, C = (Σ(pi+qi)ln(pi+qi) - 
pi (lnpi) - pi (lnqi))/(2ln2), where pi is the proportion of habitat/foraging technique i in the total 
use of habitats/ foraging techniques of the first bird species, while qi is the proportion of 
habitat/foraging technique i in the total use of habitats/foraging techniques of the second bird 
species. The value of the index ranges from C = 0, when there is no overlap along observed 
niches, to C = 1, when the overlap is complete (Krebs 1999). 
I used discriminant analysis to describe how time of migration, habitat use and foraging 
behavior contribute to differences among study species. I organized data into a matrix where 
each row included a species as a grouping variable, rates of different foraging methods employed 
by a focal bird, percentage of conspecifics occupying different microhabitats from a 




from Matts Landing, Thompson’s Beach and Bivalve, while the data from Fortescue were 
analyzed separately. As some categories of microhabitats were never used by some study species 
(e. g. least and semipalmated sandpipers never foraged in water deeper than 6 cm), and the 
feeding method “skimming” was never employed by short-billed dowitchers, in order to reduce 
the number of zeros, I pooled microhabitat categories “water 1” to “water 4” into one category – 
“water”, “sand” and “gravel” categories into the “dry” category, and behavioral categories 
“peck”, “multiple peck” and “skimming” into the category “peck-skim”, whereas “probe” and 
“multiple probe” were pooled in the “probe” category.  Data were log-transformed prior to 
analysis. As the multivariate normality of the data set was violated, I tested the robustness of the 
analysis with a split-sample validation method (McGarigal et al. 2000). Only the data set 
collected in 2011 was included in this analysis. 
All study species were observed in mud-covered habitats (Matts Landing, Thompson’s Beach 
and Bivalve), while only several least sandpipers were observed in Fortescue, mainly in areas 
away from the beach where I conducted observations, so they were not included in any analysis 
conducted for this site. 
I carried out all statistical analyses, except discriminant analysis, using R v3.1.0. (R Core 
Team 2014). For discriminant analysis I used SPSS version 11.0 (Brosius 2002). 
Results 
Migration timing 
According to count data, spring migration of shorebirds lasted from late March to early June in 
both 2011 and 2012 (Figure 1.3). Kolmogorov-Smirnov test revealed significant differences in 
time of passage between all pairs of species (p < 0.01), with the exception of least sandpipers and 




the study area earlier than other species - median passage dates for dunlins were May 4 and April 
30, for semipalmated sandpipers May 22 and May 21, for least sandpipers May 9 in both study 
years, while for short-billed dowitchers median dates were May 13 and May 14. For bird counts 
at study sites see Appendices 1.1 and 1.2.  
Microhabitat use 
In order to estimate how shorebirds used foraging microhabitats, I analyzed 470 scan videos (287 
in 2011, 183 in 2012). All four species of shorebirds used several microhabitats for foraging, 
with greatest diversity exhibited by short-billed dowitchers, which used 6 categories of 
microhabitats in both mud-covered sites (combined Matts Landing, Thompson’s Beach and 
Bivalve) and sandy beach (Fortescue) (Table 1.3, Figure 1.4). Least and semipalmated 
sandpipers never foraged in water deeper than 6 cm, semipalmated sandpipers and short-billed 
dowitchers did not use dry habitats on mud-covered sites, while dunlins did not forage in water 
deeper than 9cm. All species, except least sandpipers, had lowest diversity indices in 
Thompson’s Beach, where majority of individuals were feeding on soft mud of exposed flats 
during low tides, while diversity indices for all species were highest in Fortescue. Differences in 
diversity of utilized microhabitats in Matts Landing, Thompson’s Beach and Bivalve combined 
were significant between all pairs of species (t-test: p < 0.01; for semipalmated sandpipers-least 
sandpipers p = 0.02), except dunlins and least sandpipers (t-test: t = 1.54, df = 348, p = 0.12), 
whereas in Fortescue, differences of diversity indices were significantly different between 
dunlins and short-billed dowitchers and between semipalmated sandpipers and short-billed 
dowitchers (t-test: p < 0.01), but non-significant between dunlins and semipalmated sandpipers 




showed dunlins and semipalmated sandpipers, although in Fortescue niche overlap of dunlins 
was higher with short-billed dowitchers (Table 1.4). 
ZINB applied to each species separately showed that they utilized different microhabitats 
differently (Tables 1.5 and 1.6). Thus on mud-covered habitats, dunlins used soft mud 
significantly more than any other type of microhabitat, while dry habitats were least preferred. 
Similarly, semipalmated sandpipers foraged most often on soft mud, although non-significantly 
more on soft mud than in water 3-6 cm of depth. Least sandpipers foraged in habitats with 
vegetation and soft mud significantly more than on dry or in water, whereas short-billed 
dowitchers foraged in water more often than outside of water, but non-significantly more 
compared to soft mud. On a sandy beach, utilization of different microhabitats by all three 
species was more balanced. Hence, more dunlins foraged in a wave zone than on other 
microhabitats, but not significantly more than on gravel, while the number of foraging birds on 
gravel was not significantly higher than the number on sand or in water 3-6 cm of depth. The 
greatest proportion of semipalmated sandpipers was feeding on gravel, but not significantly more 
than in a wave zone or water below 3 cm of depth. Finally, short-billed dowitchers foraged on 
gravel, water 3-6 cm of depth and in a wave zone significantly more than on other three 
microhabitat categories. 
Foraging behavior 
To explore which foraging techniques shorebirds employed during northbound migration, I 
analyzed 862 focal videos (243 dunlins, 425 semipalmated sandpipers, 63 least sandpipers and 
131 short-billed dowitchers). Five categories of foraging methods were employed by all species 
except short-billed dowitchers that never used skimming and only in a couple of occasions were 




was the lowest for this species on both mud-covered sites and sandy beach, whereas higher 
diversities were exhibited by semipalmated and least sandpipers on mud-covered habitats and by 
dunlins and semipalmated sandpipers on the beach. In comparison to other study sites, diversity 
of feeding methods for dunlins and semipalmated sandpipers was lower in Fortescue, where 
birds were feeding on horseshoe crab eggs, the only food type available on the beach (see 
Chapter 3), while short-billed dowitchers exhibited higher diversity in Fortescue (Table 1.7). 
Differences in diversity indices were significant between dunlins and short-billed dowitchers on 
mud-covered sites and, as expected, between semipalmated sandpipers and short-billed 
dowitchers and between least sandpipers and short-billed dowitchers (t-test: p < 0.01), but non-
significant for other pairs of species (dunlins - semipalmated sandpipers: t = 1.72, df = 1177, p = 
0.5; dunlins - least sandpipers: t = 1.11, df = 330, p = 1; semipalmated sandpipers - least 
sandpipers: t = 0, df = 293, p = 1). In Fortescue, no significant differences in diversity indices 
were detected between any pair of species (dunlins - semipalmated sandpipers: t = 0.01, df = 
219, p = 1; dunlins - short-billed dowitchers: t = 1.78, df = 64, p = 0.24; semipalmated 
sandpipers - short-billed dowitchers: t = 1.94, df = 45, p = 0.18). Dunlins and semipalmated 
sandpipers had the highest level of overlap in use of foraging techniques, while least sandpipers 
and short-billed dowitchers had the lowest (Table 1.8). 
On mud-covered habitats, number of dunlins that used multiple probing was significantly 
higher than number of birds using other techniques, while only 2% of focal birds skimmed the 
surface of substrate (Figure 1.5, Table 1.9). Significantly more semipalmated sandpipers 
employed multiple probing and pecking than other feeding methods, while least sandpipers 
collected food items significantly more by pecking than other ways. Number of focal short-billed 




more dunlins used probing and multiple probing than other methods, semipalmated sandpipers 
used significantly more pecking and probing, while  short-billed dowitchers foraged mostly by 
multiple probing (Figure 1.5, Table 1.10). 
Migration timing, microhabitat use and foraging behavior 
A discriminant analysis was conducted to determine whether shorebird species differ along three 
observed niche dimensions and which of the dimensions best explains variability. The Box’s M 
test for both data sets (Matts Landing, Thompson’s Beach and Bivalve combined and Fortescue) 
indicated significant differences in covariance matrices among groups (p < 0.001), i.e. 
homogeneity of covariance cannot be assumed and results need to be interpreted with caution 
(Mertler and Vannatta 2001). However, there is no substantial evidence that heterogeneity of 
covariance significantly affects correct classification and thus discovered ecological patterns can 
be considered as preliminary (McGarigal et al. 2000). Accordingly, I believe that this analysis 
appropriately interpret ecological patterns recorded in the field. 
On the data set from mud-covered habitats, the analysis generated three canonical functions 
that were significant (1: Wilks’ λ = 0.104, p < 0.001; 2: Wilks’ λ = 0.385, p < 0.001; 3: Wilks’ λ 
= 0.767, p < 0.001). The first canonical function was closely related with Julian date, with 72.9% 
of the function variability explained by differences between species (Tables 1.11 and 1.12). In 
the second function the most important variable was vegetation, although foraging methods were 
also significant predictors, while the third function was related with a soft mud variable, however 
the low explained variance in the third function suggests it is not of great significance. Dunlins 
had low scores along the first canonical function, indicating their earlier arrival in Delaware Bay 
(Figure 1.6.a), while semipalmated sandpipers had higher scores, which was consistent with their 




which indicates higher utilization of microhabitats with vegetation compared to other species. 
For the overall sample, the original classification revealed that 82.3% individuals were correctly 
classified, whereas 79.1% and 86.4% were correctly classified in cross validation and for the 
holdout sample respectively, which supported original accuracy. The model classified 81.4% of 
dunlins, 92.6% of semipalmated sandpipers, 55.6% least sandpipers and 75% of short-billed 
dowitchers correctly. 
For the data set collected in Fortescue, the analysis generated two canonical functions, but 
only one was significant (1: Wilks’ λ = 0.487, p < 0.001; 2: Wilks’ λ = 0.941, p = 0.108). 
Similarly like on mud-covered sites, the most important variable in the first canonical function 
was Julian date (Tables 1.13 and 1.14), although separation of species along the function was not 
as clear as it was on mud-covered sites, especially for dunlins and short-billed dowitchers 
(Figure 1.6.b). For the entire data set, 83.1% of individuals were correctly classified by original 
classification and 79.9% in cross validation, however only 73.5% individuals were correctly 
classified for a holdout sample, which implies unstable classification, probably due to lower 
sample size (McGarigal et al. 2000). For individual species, the model classified 100% of 
semipalmated sandpipers correctly (99.1% and 95.4% in cross validation and for the holdout 
sample respectively), yet only 35.5% of dunlins were classified correctly (25.8% in cross 
validation and 40% for the holdout sample), so as 53.8% of short-billed dowitchers (46.2% in 
cross validation and 14.3% for the holdout sample), indicating that the model can explain 
differences between species on this location only to a limited extent. 
Discussion 
Despite the high level of overlap along observed niche dimensions, this study clearly 




analysis suggests that differential timing of spring migration might be the major determinant in a 
multidimensional niche space that segregate shorebird species while at stopover in Delaware 
Bay, which is consistent with some previous findings (Howlett et al. 2000). Research on 
temporal segregation of migratory species with similar ecology is limited, particularly for 
shorebirds, yet Recher (1966) concluded that along the central coast of California during spring 
and fall migration different species of shorebirds achieved peak abundances at different time, 
even though migration had a wave-like character, with groups of birds that were coming into or 
leaving the study area successively. Such temporal separation was more pronounced between 
pairs of morphologically and ecologically similar species, such as least sandpipers and western 
sandpipers (Calidris mauri). Similarly, Old World warblers exhibit differences in migration 
timing at stopovers during spring migration, especially among morphologically similar species 
(Howlett et al. 2000). In this study differences in time of passage were not significant only 
between least sandpipers and short-billed dowitchers, which do not share morphological 
similarities and, as demonstrated, have different foraging ecologies. It seems therefore that 
movements of shorebirds are not quite synchronous in Delaware Bay, in spite of a widely 
accepted notion of similar spring arriving schedules of many shorebird species timed to coincide 
with spawning season of horse shoe crabs (Clark et al. 1993). 
According to canonical loadings of discriminant functions for mud-covered locations, it 
appears that another important variable for separation of study species is microhabitat, mainly 
microhabitats with vegetation that were particularly used by least sandpipers, although 
significant differences between species were detected in utilization of other microhabitats as 
well. Spatial separation is a commonly reported type of separation between migrants at 




2009), including shorebirds in which interspecific differences in habitat use, usually defined by 
water depth of foraging microhabitas, are correlated with birds’ morphology - species with long 
legs and bills that feed predominantly by probing in deeper water (Recher 1966, Baker 1979, 
Davis and Smith 2001). Therefore, I was able to record only dunlins and short-billed dowitchers 
feeding in water above 6 cm depth, while the majority of semipalmated and least sandpipers 
foraged outside of water. However, irrespective of documented differences in microhabitat 
utilization, in this study some pairs of species exhibited high level of overlap in habitat use, 
particularly dunlins with semipalmated sandpipers and short-billed dowitchers on Thompson’s 
Beach and Bivalve respectively. On these two study locations all other pairs of species achieved 
higher levels of overlap as well, which is inconsistent with findings of Burger et al. (1977) that 
spatial segregation of shorebird species was more prominent on New Jersey intertidal mudflats 
comparing beaches. I detected such a pattern most likely due to a strong influence of the tidal 
cycle on these study sites – during low tides mudflats in both Thompson’s Beach and Bivalve 
were completely exposed, with water limited mainly in deep canals where birds were unable to 
forage. On the other hand, a strong current of coming or receding tidal waters probably deterred 
birds of using water-covered microhabitats, so majority of birds foraged on soft mud in both 
phases of tidal cycle. Accordingly, due to functional scarcity of foraging microhabitats on 
intertidal mudflats birds could not reach a high level of spatial segregation. 
It appears that partitioning along foraging techniques on mud-covered habitats was less 
prominent than segregation along temporal or microhabitat dimensions. However, clear 
separation was noticed between least sandpipers and short-billed dowitchers, and to a lesser 
extent between semipalmated sandpipers and short-billed dowitchers (with the exception of a 




skimmed mud surface or rarely used pecking, while these methods were quite often employed by 
least and semipalmated sandpipers. Similarly, Baker and Baker (1973) observed lowest level of 
overlap in foraging techniques between these pairs of species in their breeding areas in Canadian 
Arctic and in the wintering areas in Florida, while Davis and Smith (2001) observed low level of 
overlap between least sandpipers and long-billed dowitchers (Limnodromus scolopaceus) at a 
stopover in the southern Great Plains. These differences are not surprising given obvious 
differences in morphology and length of their bills. However, I observed unexpectedly high 
levels of overlap in feeding methods between dunlins, semipalmated and least sandpipers. These 
species had similar diversity indices and utilized all five feeding methods, including skimming of 
biofilm, which indicates that they are opportunistic foragers able to switch between foraging 
modes more readily than dowitchers. Based on microscopic ultrastructure of birds’ bills and 
tongues, skimming as a foraging method of shorebirds, was first proposed by Elner et al. (2005) 
and it was confirmed to be utilized by western sandpipers by Kuwae et al. (2008). More recent 
studies demonstrated that this method is widely used by other shorebird species as well, 
including dunlins, semipalmated sandpipers and red-necked stints (Calidris ruficollis) (Mathot et 
al 2010, Kuwae et al. 2012, MacDonald et al. 2012, Quinn and Hamilton 2012). Even though I 
was not able to assess whether consumption of biofilm changed in the course of migratory 
stopover, this study reports that least sandpipers also feed by skimming biofilm and, likewise 
dunlins and semipalmated sandpipers, they are capable to use alternative food sources, which 
leads to increased level of overlap between these species. 
It seems that shorebirds in Fortescue were also separated mainly by different arrival time, 
although they started appearing there later in the migration season, following the rise of horse 




which abundance usually exceeds the average number of invertebrates that are potential prey for 
shorebirds on intertidal marshes. Thus, the average number of crab eggs in the top 5 cm of 
sediment in Fortescue in 2011 and 2012 was estimated to 857 eggs/m
2
 and 4425 eggs/m
2 
respectively (Dey et al. 2012), while the average number of various invertebrates available to 
shorebirds in the top 5 cm of sediment in Matts Landing and Bivalve in 2011 was estimated to 
156 individuals/m
2
 and 701 individuals/m
2
 respectively (the average number of invertebrates, 
mainly tubificid worms, was estimated to 3459 individuals/m
2
 in Thompson’s Beach during the 
study period in 2011) (see Chapter 3). Even though increased resource availability could lead to 
increased overlap in niches along all dimensions due to relaxed competition (Wiens 1989, but 
see Chapter 2), this pattern was observed to a limited extent in Fortescue. Hence, I detected 
increase in overlap in foraging behavior (with the exception of dunlins and semipalmated 
sandpipers that had higher level of overlap in Bivalve), while increase of overlap in microhabitat 
use was not quite consistent – the overlap was greater than in Matts Landing, but lower than in 
Bivalve. As the average number of agonistic interactions between birds was higher in Fortescue 
than elsewhere (Chapter 2), I believe that these slight changes in utilization of microhabitats and 
feeding methods are rather a consequence of species response to different environmental 
conditions they experience on sandy beaches compared to mud-covered habitats than relaxed 
competition due to enhanced food supply. Thus, in Fortescue all birds consume crab eggs 
(uniform in size and shape) from Limulus nests or eggs that are from buried nests by wave action 
brought to the surface where they are readily accessible to birds (Myers 1986, Botton et al. 
1994). Under such circumstances different species can use more similar foraging techniques, in 
contrast to habitats where they feed on active prey of various size and shape. Consequently, I 




which was not the case on other study sites. The spatial distribution of birds on the sandy beach 
was strongly influenced by distribution of Limulus nests, as well as the tidal cycle that affected 
degree of available foraging space. Thus, birds achieved higher level of overlap in microhabitat 
use compared to the main impoundment in Matts Landing, but could not reach a high level of 
overlap present on intertidal marshes, where birds mostly fed on exposed mudflats during 
receding and low tides. 
Consistently with the predictions, this study shows that the major separation of coexisting 
migratory shorebirds at a stopover is achieved by differential migration timing. Although this 
study did not include analysis of dietary niches, it is unlikely that separation along that 
dimension was greater than separation along temporal dimension. Thus, Davis and Smith (2001) 
examined foraging niche relationships for four species of shorebirds at a stopover in the southern 
Great Plains, for four niche dimensions – diet, prey size, microhabitats utilization and feeding 
method and concluded that the most important dimension for segregation of species was the 
microhabitat dimension defined by the water depths of foraging areas. In addition, they did not 
observe expected level of separation with regard to prey size between smaller short-billed 
species (least and western sandpipers) and larger long-billed species (long-billed dowitchers and 
American avocets, Recurvirostra americana). Many studies on niche partitioning between 
coexisting species have shown that separation by food-type dimension is more important for 
animals that feed on food items that are large relative to their own size (Schoener 1974), which 
makes an idea on better separation along dietary niche even more implausible, as shorebirds 
consume food items that are much smaller compared to their own body size. 
Temporal separation of migratory species may limit the opportunity for interspecific 




schedules can be discussed on a hypothetical level as migration timing depends on factors such 
as genetics (Pulido et al. 2001), climate (Vähätalo et al 2004, Lehikoinen and Jaatinen 2011), 
optimal arrival on breeding grounds (Colwell 2010), conditions along migration route (Piersma 
1987, Newton 2004, Atkinson et al. 2007), etc. In addition, differential migration does not 
necessarily reduce competition as early migrants can deplete food supplies for later ones 
(Newton 2006). Nevertheless, such ecological segregation of migratory species may reduce the 
opportunity for interspecific aggressive encounters, which in turn can have positive effects on 








Table 1.1. Types of microhabitats on the study locations: SM – soft mud; DM – dry mud; S – 
sand; GR – gravel; R – rocks; W1 - water below 3 cm of depth; W2 - water 3 – 6 cm of depth; 
W3 - water 6 – 9 cm of depth; W4 - water above 9 cm of depth; WZ - wave zone; V - vegetation; 
MS – mossy shore. 
Study location 
Types of microhabitats 
SM DM S GR R W1-W4 WZ V MS 
Matts Landing + + - - + + - + + 
Thompson’s 
Beach 
+ + - - + + - + + 
Bivalve + + - - + + - + + 
Fortescue - - + + - + + - - 
 
 
Table 1.2. Differences in migration timing between dunlins (DU), semipalmated sandpipers (SS), 
least sandpipers (LS) and short-billed dowitchers (SD). Pairwise comparisons were conducted by 
Kolmogorov-Smirnov test, with Bonferroni adjustment of p-values. 
Species 
2011 2012 
D p D p 
DU - SS 0.59 < 0.001 0.57 < 0.001 
DU - LS 0.34 < 0.001 0.41 < 0.001 
DU - SD 0.34 < 0.001 0.41 < 0.001 
SS - LS 0.52 < 0.001 0.51 < 0.001 
SS - SD 0.45 < 0.001 0.35 < 0.001 















Table1.3. Shannon-Wiener diversity indices for foraging microhabitats. Indices were calculated 
based on information collected from 470 scan videos: N Matts Landing = 97; N Thompson’s 








     
Matts Landing 1.22 1.17 1.31 1.26 
Thompson’s Beach 0.34 0.29 1.40 0.83 
Bivalve 0.64 0.24 1.21 0.85 
All above combined 1.02 0.93 1.46 1.49 
Fortescue 1.42 1.43 / 1.57 
 
 
Table 1.4. Overlap in microhabitat use between dunlins (DU), semipalmated sandpipers (SS), 
least sandpipers (LS) and short-billed dowitchers (SD). Niche overlap was estimated by Horn’s 
index. 
 Matts Landing Thompson’s Beach Bivalve All previous combined Fortescue 
      
DU-SS 0.91 0.99 0.95 0.97 0.91 
DU-LS 0.51 0.70 0.73 0.73 / 
DU-SD 0.72 0.94 0.99 0.79 0.95 
SS-LS 0.63 0.69 0.71 0.74 / 
SS-SD 0.51 0.92 0.92 0.70 0.91 






















Table 1.5. Results of ZINB applied to individual shorebird species for data collected in Matts 
Landing, Thompson’s Beach and Bivalve. Types of microhabitats are: SM – soft mud; DRY – 
dry substrate; VEG – vegetation; W1 - water below 3 cm of depth; W2 - water 3 – 6 cm of depth; 
W3 - water 6 – 9 cm of depth; W4 - water above 9 cm of depth. The first row of microhabitats 
represents the intercept in respect to which count of birds from other microhabitats is evaluated 
(Crawley 2013). The blue color of p-values corresponds to a significantly higher number of birds 
in a particular microhabitat with respect to the intercept, while the red color of p-values 
represents significantly lower number of birds in a particular microhabitat with respect to the 
intercept. 
 Dunlin 
 DRY SM VEG W1 W2 W3 
DRY X < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 
SM < 0.001 X < 0.001 < 0.001 0.0002 < 0.001 
VEG < 0.001 < 0.001 X 0.2137 0.0027 0.0178 
W1 < 0.001 < 0.001 0.2137 X < 0.001 0.2600 
W2 < 0.001 0.0002 0.0027 < 0.001 X < 0.001 
W3 < 0.001 < 0.001 0.0178 0.2600 < 0.001 X 
Semipalmated sandpiper 
 SM VEG W1 W2   
SM X < 0.001 0.0026 0.2268   
VEG < 0.001 X < 0.001 < 0.001   
W1 0.0026 < 0.001 X 0.2587   
W2 0.2268 < 0.001 0.2587 X   
Least sadnpiper 
 DRY SM VEG W1 W2  
DRY X < 0.001 < 0.001 0.1021 0.0003  
SM < 0.001 X 0.8400 < 0.001 < 0.001  
VEG < 0.001 0.8400 X < 0.001 < 0.001  
W1 0.1021 < 0.001 < 0.001 X 0.0052  
W2 0.0003 < 0.001 < 0.001 0.0052 X  
Short-billed dowitcher 
 SM VEG W1 W2 W3 W4 
SM X < 0.001 < 0.001 0.7640 0.5771 0.1374 
VEG < 0.001 X 0.5350 < 0.001 < 0.001 0.0017 
W1 < 0.001 0.5350 X < 0.001 < 0.001 0.0003 
W2 0.7640 < 0.001 < 0.001 X 0.3824 0.1637 
W3 0.5771 < 0.001 < 0.001 0.3824 X 0.0262 










Table 1.6. Results of ZINB applied to individual shorebird species for data collected in 
Fortescue. Types of microhabitats are: S – sand; GR – gravel; W1 - water below 3 cm of depth; 
W2 - water 3 – 6 cm of depth; W3 - water 6 – 9 cm of depth; WZ - wave zone. The first row of 
microhabitats represents the intercept in respect to which count of birds from other microhabitats 
is evaluated (Crawley 2013). The blue color of p-values corresponds to a significantly higher 
number of birds in a particular microhabitat with respect to the intercept, while the red color of 
p-values represents significantly lower number of birds in a particular microhabitat with respect 
to the intercept. 
 Dunlin 
 S GR W1 W2 W3 WZ 
S X 0.4223 < 0.001 0.6343 < 0.001 0.0276 
GR 0.4223 X < 0.001 0.2000 < 0.001 0.1583 
W1 < 0.001 < 0.001 X 0.0006 < 0.001 < 0.001 
W2 0.6343 0.2000 0.0006 X < 0.001 0.0070 
W3 < 0.001 < 0.001 < 0.001 < 0.001 X < 0.001 
WZ 0.0276 0.1583 < 0.001 0.0070 < 0.001 X 
Semipalmated sandpiper 
 S GR W1 W2 WZ  
S X 0.0046 0.2739 < 0.001 0.0069  
GR 0.0046 X 0.1032 < 0.001 0.9817  
W1 0.2739 0.1032 X < 0.001 0.1207  
W2 < 0.001 < 0.001 < 0.001 X < 0.001  
WZ 0.0069 0.9817 0.1207 < 0.001 X  
Short-billed dowitcher 
 S GR W1 W2 W3 WZ 
S X 0.0127 0.6456 0.2607 0.0121 0.0572 
GR 0.0127 X 0.0032 0.1704 < 0.001 0.5536 
W1 0.6456 0.0032 X 0.1133 0.0402 0.0183 
W2 0.2607 0.1704 0.1133 X 0.0003 0.4362 
W3 0.0121 < 0.001 0.0402 0.0003 X < 0.001 
















Table1.7. Shannon-Wiener diversity indices for feeding methods. Indices were calculated based 
on information collected from 862 focal videos: N Matts Landing dunlins = 129; N Matts 
Landing semipalmated sandpipers = 78, N Matts Landing least sandpipers = 13; N Matts 
Landing short-billed dowitchers = 67; N Thompsons’ Beach dunlins = 8; N Thompsons’ Beach 
semipalmated sandpipers = 85; N Thompsons’ Beach least sandpipers = 11; N Thompsons’ 
Beach short-billed dowitchers = 29; N Bivalve dunlins = 45; N Bivalve semipalmated sandpipers 
= 87; N Bivalve least sandpipers = 39; N Bivalve short-billed dowitchers = 15; N Fortescue 









     
Matts Landing 1.32 1.52 1.53 0.69 
Thompson’s Beach 1.58 1.56 1.39 0.77 
Bivalve 1.49 1.53 1.53 0.69 
All above combined 1.43 1.55 1.55 0.72 
Fortescue 1.32 1.32 / 0.96 
 
 
Table 1.8. Overlap in feeding methods between dunlins (DU), semipalmated sandpipers (SS), 
least sandpipers (LS) and short-billed dowitchers (SD). Niche overlap was estimated by Horn’s 
index. 
 Matts Landing Thompson’s Beach Bivalve All previous combined Fortescue 
      
DU-SS 0.96 0.98 1.00 0.98 0.98 
DU-LS 0.94 0.94 0.93 0.90 / 
DU-SD 0.81 0.63 0.68 0.77 0.92 
SS-LS 0.99 0.92 0.95 0.97 / 
SS-SD 0.72 0.99 0.65 0.67 0.85 
















Table 1.9. Results of binomial GLM applied to individual shorebird species for data collected in 
Matts Landing, Thompson’s Beach and Bivalve. Foraging techniques are: PR – probing; MPR – 
multiple probing; SK – skimming; PE – pecking and MPE – multiple pecking. The first row of 
foraging techniques represents the intercept in respect to which count of birds that utilized other 
feeding methods is evaluated (Crawley 2013). The blue color of p-values corresponds to a 
significantly higher number of birds in a particular microhabitat with respect to the intercept, 
while the red color of p-values represents significantly lower number of birds in a particular 
microhabitat with respect to the intercept. 
Dunlin 
 PR MPR SK PE MPE 
PR X < 0.001 < 0.001 < 0.001 0.0004 
MPR < 0.001 X < 0.001 < 0.001 < 0.001 
SK < 0.001 < 0.001 X < 0.001 < 0.001 
PE < 0.001 < 0.001 < 0.001 X 0.5978 
MPE 0.0004 < 0.001 < 0.001 0.5978 X 
Semipalmated sandpiper 
 PR MPR SK PE MPE 
PR X 0.5200 < 0.001 0.0183 0.1068 
MPR 0.5200 X < 0.001 0.0833 0.0247 
SK < 0.001 < 0.001 X < 0.001 < 0.001 
PE 0.0183 0.0833 < 0.001 X < 0.001 
MPE 0.1068 0.0247 < 0.001 < 0.001 X 
Least sandpiper 
 PR MPR SK PE MPE 
PR X 0.0494 0.1057 < 0.001 < 0.001 
MPR 0.0494 X 0.7216 < 0.001 0.0033 
SK 0.1057 0.7216 X < 0.001 0.0011 
PE < 0.001 < 0.001 < 0.001 X 0.0055 
MPE < 0.001 0.0033 0.0011 0.0055 X 
Short-billed dowitcher 
 PR MPR    
PR X 0.9910    















Table 1.10. Results of binomial GLM applied to individual shorebird species for data collected in 
Fortescue. Foraging techniques are: PR – probing; MPR – multiple probing; PE – pecking and 
MPE – multiple pecking. The first row of foraging techniques represents the intercept in respect 
to which count of birds that utilized other feeding methods is evaluated (Crawley 2013). The 
blue color of p-values corresponds to a significantly higher number of birds in a particular 
microhabitat with respect to the intercept, while the red color of p-values represents significantly 
lower number of birds in a particular microhabitat with respect to the intercept. 
Dunlin 
 PR MPR PE MPE 
PR X 1 0.0024 < 0.001 
MPR 1 X 0.0024 < 0.001 
PE 0.0024 0.0024 X 0.1813 
MPE < 0.001 < 0.001 0.1813 X 
Semipalmated sandpiper 
 PR MPR PE MPE 
PR X < 0.001 0.3748 < 0.001 
MPR < 0.001 X 0.0001 0.0015 
PE 0.3748 0.0001 X < 0.001 
MPE < 0.001 0.0015 < 0.001 X 
Short-billed dowitcher 
 PR MPR PE MPE 
PR X 0.0392 0.0014 0.0016 
MPR 0.0392 X < 0.001 < 0.001 
PE 0.0014 < 0.001 X 0.5557 
























Table 1.11. Summary of canonical discriminant functions for a data set from mud-covered 
habitats (Matts Landing, Thompson’s Beach and Bivalve). 
Function Eigenvalue % of Variance Canonical correlation 
1 2.698 67.6 0.854 
2 0.989 24.8 0.705 
3 0.304 7.6 0.483 
 
 
Table 1.12. Canonical loadings of the discriminant functions for a data set from mud-covered 
habitats (Matts Landing, Thompson’s Beach and Bivalve). 
Variable Function 1 Function 2 Function 3 
Julian date 0.985 -0.009 -0.155 
Vegetation 0.087 -0.699 -0.408 
Soft mud 0.103 0.027 0.779 
Water -0.130 0.377 -0.514 
Probing -0.152 0.531 -0.306 
Pecking-skimming 0.109 -0.564 0.760 
 
 
Table 1.13. Summary of canonical discriminant functions for a data set from Fortescue. 
Function Eigenvalue % of Variance Canonical correlation 
1 0.932 93.7 0.695 
2 0.63 6.3 0.243 
 
 
Table 1.14. Canonical loadings of the discriminant functions for a data set from Fortescue. 
Variable Function 1 Function 2 
Julian date 0.733 0.109 
Dry habitats 0.240 0.430 
Water -0.053 -0.202 
Wave zone -0.055 -0.007 
Probing -0.466 0.435 











Figure 1.1. Study sites in Delaware Bay: 
artificial impoundment – Matts Landing,  
intertidal marshes – Thompson’s Beach and Bivalve,  













Figure 1.2. Frequency of shorebird count on different foraging microhabitats in Matts Landing, 














Figure 1.3. Number of shorebirds observed in Delaware Bay during spring migration 2011 (a) 



































































Figure 1.4. Foraging microhabitats used by shorebirds in Matts Landing, Thompson’s Beach and 
Bivalve combined (a) and Fortescue (b). SM – soft mud; S – sand; GR – gravel; DRY – rocks 
and dry mud; W1 - water below 3 cm of depth; W2 - water 3 – 6 cm of depth; W3 - water 6 – 9 























































Figure 1.5. Foraging methods used by shorebirds in Matts Landing, Thompson’s Beach and 
Bivalve combined (a) and Fortescue (b). PR – probing; MPR – multiple probing; SK – 



























































Figure 1.6.  Canonical discriminant functions for a data set from Matts Landing, Thompson’s 









Appendix 1.1. Number of shorebirds observed in Delaware Bay during spring migration 2011. 
Numbers represents the sum of the maximum number of birds counted in Matts Landing, 
Bivalve and Thompson’s Beach for a given week. 
Weeks C. alpina C. pusilla C. minutilla L. griseus 
10 190 0 0 0 
11 155 0 0 0 
12 1200 0 0 0 
13 3500 0 0 0 
14 6050 0 4 15 
15 7500 0 3 100 
16 10540 2 10 300 
17 8011 401 112 611 
18 14110 2050 205 3570 
19 12360 11750 325 5170 
20 15030 51800 81 2900 
21 1700 39500 40 880 
22 3 12270 0 0 
 
 
Appendix 1.2. Number of shorebirds observed in Delaware Bay during spring migration 2012. 
Numbers represents the sum of the maximum number of birds counted in Matts Landing, 
Bivalve and Thompson’s Beach for a given week. 
Weeks C. alpina C. pusilla C. minutilla L. griseus 
11 0 0 0 0 
12 40 0 0 0 
13 500 0 0 0 
14 470 0 0 1 
15 4600 0 0 10 
16 8200 0 0 20 
17 2025 0 5 30 
18 8970 1320 173 2300 
19 1902 3710 195 3670 
20 6552 22700 81 8120 
21 4850 21600 16 3290 
22 30 19000 0 18 











During migration, shorebirds form large, usually mixed-species foraging flocks where 
chances for competitive interactions among foragers are increased due to limited size of feeding 
areas. One of the mechanisms of interference competition is aggression through which animals 
obtain greater portion of resources compared to competitors. In this study, I examine aggressive 
behavior of shorebirds, hypothesizing that birds will exhibit more aggression toward conspecifics 
than to heterospecifics, as individuals of the same species, due to morphological similarity, more 
often compete for resources. In addition, I compare aggressive behavior of shorebirds on three 
types of habitats where shorebirds are exposed to different ecological conditions, particularly 
with respect to prey type, prey density and distribution, as well as foragers’ density, which can 
have different effects on birds’ foraging behavior and rates of aggression among foragers. I test 
the hypothesis that abundance and distribution of prey, as well as competitor density affect per-
capita rates of aggression, predicting higher per-capita rates of aggression under conditions of 
abundant, patchily distributed food. Also, I expect to detect changes in rates of aggression with 
regard to bird density on all three habitats. Consistently with previous studies, I observed higher 
measures of aggression between conspecifics than between heterospecifics in all study locations, 
although the incidence of interspecific interactions was higher than previously reported for 
shorebirds, most likely due to interspecific dominance relationships. Also, I recorded the highest 




my expectations, measures of aggression did not correlate with the density of shorebirds’ 
foraging flocks on two study locations, which could be a consequence of low density of 
competitors and increased predation risk. 
Introduction 
Migrating shorebirds form large, usually mixed-species flocks on feeding grounds along 
migratory routes (Recher 1966, Recher and Recher 1969). Foraging in groups brings several 
benefits to foragers, mainly in terms of reduced predation risk and foraging benefits (Clark and 
Mangel 1986, Krause and Ruxton 2002). Thus foragers may avoid predation through dilution 
effect, collective detection of predators or collective defense (Foster and Treherne 1981, Lima 
1995, Roberts 1996, Krause and Ruxton 2002), or they may locate food patches more easily by 
observing other foragers (Clark and Mangel 1984, Beauchamp and Giraldeau 1997, Giraldeau 
and Beauchamp 1999, Grunbaum and Veit 2003). Such benefits of group foraging have been 
demonstrated in both single-species (Barnard 1980, Cresswell 1994) and mixed-species flocks of 
birds (Krebs 1973, Metcalfe 1984, Dolby and Grubb 1998, Sridhar et al. 2009). However, group 
foraging also brings costs through increased competition for resources (Krause and Ruxton 
2002). This latter may be particularly true for migrating shorebirds while at stopover sites, as 
they forage on habitats that are often affected by the tidal cycle so that birds are restricted to feed 
on the same horizontal plane at the same time (Recher and Recher 1969, Burger et al. 1977). 
In general, competition for resources occurs through depletion – negative effects of 
competitors due to removal of resources, and interference – negative effect of competitors due to 
their presence, which provokes aggressive interactions, kleptoparasitism and prey disturbance 
(Sutherland 1996). Although early work on competition had put an emphasis on depletion, 




Usually, interference through aggressive interactions is more common between conspecifics than 
between heterspecifics, as individuals of the same species, due to similarity in size, more often 
compete for resources (Morse 1980), and such pattern of aggression was frequently reported 
between birds (Recher and Recher 1969, Morse 1970, Burger et al. 1979, Metcalfe and Furness 
1987, Garcia and Arroyo 2002, Kalejta-Summers 2002, MacNally and Timewell 2005). 
Likewise, it is expected that the level of interspecific aggression is more prominent between 
morphologically similar than between morphologically dissimilar species (Recher and Recher 
1969, Morse 1970), although due to interspecific social dominance larger species often gain 
access to resources by displacing smaller ones (Morse 1974, Langkilde and Shine 2004, Rychlik 
and Zwolak 2006). Through both intra and interspecific aggression individuals are able to obtain 
access to resources, such as food, nesting site or, in the case of the former, mates (Garcia and 
Arroyo 2002). 
Due to behavioral flexibility, prevalence of interference competition over depletion may vary 
as animals are often able to adjust their level of aggressiveness to different ecological settings, 
particularly with respect to prey abundance and distribution and density of foragers (Dubois et al. 
2003). Nevertheless, two different approaches used to predict rates of aggression regarding these 
ecological factors – an optimality approach and game theory approach, lead to different 
conclusions on the effect of food abundance and group density on aggression (Dubois and 
Giraledau 2005). The optimality “resource defense” approach predicts that aggression should be 
favored when resources are easily defended, such as the case with abundant patchily distributed 
food supplies, as individuals do not put a lot of effort in their defense and can quickly replenish 
spent energy (Brown 1964, Maurer 1984, Grant 1993). Additionally, when food abundance 




will acquire the same amount of food as aggressive ones and aggression rates are expected to 
decrease. Thus, the relationship between aggression rates and food abundance is expected to be 
dome-shaped (Grant et al. 2002). According to these models, the relationship between the level 
of aggressiveness and group density is also dome-shaped – foragers are less aggressive at high 
and low densities compared to intermediate densities (Grant et al. 2000). By contrast, the hawk-
dove game theories yielded a couple of different predictions. Thus, Sirot (2000) predicts a steady 
increase of aggressiveness with competitors’ density and decreasing food availability, while 
Dubois et al. (2003) and Dubois and Giraldeau (2005) predict a dome-shaped relationship 
between aggression and foragers’ density, but decline in the frequency of aggressive interactions 
as the density of food clumps increases. 
There is evidence both from experimental studies and field observations that corroborate the 
increase in per-capita rates of aggression as resources become more clumped in space (Mallory 
and Schneider 1979, Monhagan and Metcalfe 1985, Grant and Guha 1993, Rob and Grant 1998, 
Goldberg et al. 2001), or they support a dome-shaped relationship between aggression and food 
density (Grant et al. 2002), competitors’ density (Jones 1983, Goldberg et al. 2001) and both 
(Grant et al. 2000) or a steady increase in per-capita rates of aggression with respect to 
competitor density (Johhnson et al. 2004). Many field observations conducted with shorebirds 
demonstrated increase in aggression with density of foragers (Goss-Custard 1977, Burger et al. 
1979, Metcalfe and Furness 1987). 
In this study, I explore aggressive interactions in mixed-species flocks of shorebirds at 
stopover in Delaware Bay during northbound migration. Shorebirds gather on the bay sandy 
beaches in large numbers to capitalize on eggs of spawning horse shoe crabs (Limulus 




number of birds utilize intertidal marshes and mudflats where they feed on various invertebrates 
(Burger et al. 1997, see Chapters 1 and 3). In Delaware Bay, the spawning season of horseshoe 
crabs peaks in May and June, around the new and full moon tides, when females lay thousands 
of eggs in beach surface sediments (Shuster and Botton 1985, Brockmann 1990, Botton et al. 
1994). Even though horseshoe crab eggs are relatively small food items for shorebirds (around 2 
mm in diameter), such huge abundance allows birds to quickly ingest large quantity of eggs and 
substantiate their energetic needs (Botton et al. 1994, Gillings et al. 2007). Following the rise of 
spawning horseshoe crabs, sandy beaches attract dunlins (Calidris alpina), semipalmated 
sandpipers (Calidris pusilla), red knots (Calidris canutus), sanderlings (Calidris alba), ruddy 
turnstones (Arenaria interpres) and short-billed dowitchers (Limnodromus griseus) (Myers 1986, 
see Chapter 1), that form dense foraging flocks distributed around Limulus nests. On the other 
hand, mixed-species foraging flocks on intertidal marshes and mudflats mainly consist of 
dunlins, semipalmated sandpipers and short-billed dowitchers (see Chapter 1) that prey on active, 
more dispersed invertebrates that never achieve abundance of eggs recorded in horse shoe crab 
nests (see Chapter 3). 
Here, I examine differences in aggression between shorebird species and the relationship 
between intraspecific and interspecific aggression, hypothesizing that birds will exhibit more 
aggression toward conspecifics than to heterospecifics and that the level of interspecific 
interactions will be affected by the size of competitors. Based on the body size and mass, red 
knots, ruddy turnstones and short-billed dowitchers are considered larger species, dunlins and 
sanderlings medium-sized, while semipalmated sandpipers were the smallest of shorebirds 
observed in foraging flocks. In addition, I compare aggressive behavior of shorebirds on three 




marsh with exposed mudflats during low tides. On these habitats foraging shorebirds are exposed 
to different ecological conditions, particularly with respect to prey type, prey density and 
distribution, as well as foragers’ composition and density, which can have different effects on 
birds’ foraging behavior and rates of aggression among foragers. I test the hypothesis that 
abundance and distribution of prey, as well as competitor density affect per-capita rates of 
aggression. Thus, on the beach, where food is abundant and patchily distributed (Mallory and 
Schneider 1979, Sullivan 1986, Botton et al. 1994, Dey et al. 2012), I expect to detect higher per-
capita rates of aggression compared to two other study sites. Also, I expect to detect changes in 
rates of aggression with regard to bird density on all three habitats. 
Methods 
Fieldwork 
The study took place from mid-March to beginning of June in 2011 and 2012, at the three 
locations on the New Jersey side of Delaware Bay – Matts Landing, Bivalve and Fortescue 
(Figure 1.1). Matts Landing is an artificial impoundment with an extensive area of soft mud 
around the water edge, Bivalve is a tidal marsh with mudflats exposed during low tides, while 
the habitat in Fortescue is a sandy beach. For details on study locations and investigation on 
diversity and seasonal change in abundance of potential invertebrate prey see Chapters 1 and 3. 
For methodology on measuring density of horseshoe crab eggs and their availability to 
shorebirds see Dey et al. 2012. 
To obtain data on aggressive interactions I scanned foraging flocks with a digital camera 
(Panasonic HDC-TM60, optical zoom 35X) from an approximate distance of 5 – 60 m, 
depending on a recording location and tidal cycle. Foraging flocks were recorded either along 




birds were often alarmed by predators (notably peregrine falcons, Falco peregrinus). In that case 
I waited for birds to settle down and continued scanning a couple of minutes after they had 
landed or stopped recording if birds flew away. 
Food patchiness 
Although I was not able to evaluate the level of food dispersion empirically, the patchiness in 
distribution of horseshoe crab eggs was presumed based on previous studies that showed that 
crab nests were unevenly distributed on sandy beaches (Mallory and Schneider 1979, Sullivan 
1986), and that females deposited thousands of eggs in such nests, as high as 80000 (Shuster and 
Botton 1985, Brockmann 1990, Botton et al. 1994). On the other hand, various invertebrates 
collected on two other study sites never reached such a high abundance, neither the number of 
individuals per sample consistently increased or decreased between samples collected along 
transects, suggesting more dispersed distribution compared to crab eggs. As many shorebirds fed 
on eggs in a swash zone, where eggs were scattered on the top of sand surface by wave action 
(Botton et al. 1994), interactions observed in that zone were not included in the analyses that 
explored effects of food abundance and patchiness on aggression between shorebirds. 
Recorded behavior and response variables 
In spite of interspecific differences in postures and movements of birds engaged in agonistic 
behavior, I was able to recognize several aggressive acts between foraging individuals and to 
ascribe them to all shorebird species: threat display, displacement without poking or hitting, 
displacement with poking or hitting, poking or hitting, chasing and fight (modified from Recher 
and Recher 1969). In addition to the number of interactions, I also quantified their intensity by 
assigning “intensity values” to aggressive acts based on time and energy expenditure, as well as 




displacements without physical contact received the lowest value of one, while fights received a 
value of four (according to Recher and Recher 1969). Occasionally, aggressive interactions 
involved a sequence of separate displays and movements, e.g. threat display followed by poking 
or fight followed by chase. In that case, the intensity of the sequence was calculated as the sum 
of intensity values of individual acts. Details on behavioral patterns and their intensity values are 
listed in Table 2.1.  
Video analysis 




/8 speed slow motion using the Windows Live Movie Maker 
(Microsoft); all videos were reviewed several times to insure the accuracy of collected data. 
From each video I recorded the number of aggressive interactions, their intensity and the species 
of the attacker and of the defender. If the attacker interacted with more than one rival, e.g. a bird 
displaced two rivals simultaneously, each interaction was recorded as a separate act. 
Furthermore, for each scanned foraging flock I calculated the “aggression score” as  ivi ni, 
where ivi is the intensity value of an aggressive act, while ni is the total number of the act per 
video (Burger et al. 1979). Besides the number and intensity of aggressive interactions, I also 
recorded the total number of foraging and non-foraging individuals (e.g. birds that were roosting 
or preening), the total number of species, duration of the video (expressed in seconds) and the 
area occupied by the foraging flock approximated by the birds’ body length. In most cases one 
scan video contained one foraging flock, although foraging birds were occasionally separated in 
two distinct groups that were treated as different foraging flocks. 
Data analysis 
I used Wilcoxon signed-rank test to assess differences in the total number of intraspecific and 




per-capita rates of aggressive interactions, as well as differences in aggression scores were tested 
using Kruskal-Wallis test with Bonferroni adjustment for pairwise comparisons. 
In order to examine differences in the number of aggressive interactions and aggression 
scores between study sites I used zero-inflated negative binomial models (ZINB), as the data sets 
were strongly zero-inflated (Figure 2.1). The likelihood ratio test supported use of negative 
binomial over Poisson distribution for my data sets (
2
 = 995.31, p < 0.001 for the number of 
interactions; 
2
 = 6891.40, p < 0.001 for aggression scores) (Zuur et al. 2009). I analyzed 
differences in density of foraging flocks across different sites using one-way ANOVA followed 
by Tukey’s post hoc test. The data set was log-transformed prior to analysis (Shapiro-Wilk test 
revealed normal distribution of transformed data, p = 0.76). 
To determine the effect of several variables to degree of aggressiveness in foraging flocks 
(i.e. the number of aggressive interactions and aggression scores), I used ZINB for data sets 
collected in Matts Landing and Bivalve and negative binomial generalized linear model (GLM) 
for data collected in Fortescue (the likelihood ratio test also supported use of negative binomial 
over Poisson distribution for data set collected in Fortescue, 
2
 = 137.67, p < 0.001). For model 
selection, I used stepwise model simplification starting with a model including all explanatory 
variables of interest and dropping least significant terms one by one, until all the variables were 
significant or close to significance. The best of competing models were than chosen based on the 
AIC selection criterion (Zuur et al. 2009, Crawley 2013). Prior to analyses I checked for outliers 
and collinearity between the explanatory variables (Zuur et al. 2009). In order to remove outliers, 
I log-transformed data of the total number of birds in a foraging flock (i.e. the sum of the total 
number of foraging and non-foraging individuals), the number of foraging birds, the total density 




in foraging (the number of foraging birds per unit of occupied space). In addition, due to a high 
correlation between the total number of birds and the number of foraging birds (Pearson’s 
correlation coefficient r = 0.98), and between the total density of a flock and the density of 
foraging birds (Pearson’s correlation coefficient r = 0.97), variables “the total number of birds” 
and “the total density” were not included in the analyses (Figures 2.2, 2.3 and 2.4). Therefore, in 
the first set of models (both ZINB and negative binomial GLM), the selection process started 
from a model that included either the number of interactions or aggression scores as the response 
variable and the following explanatory variables: Julian date (the date when a video was 
recorded), the number of foraging birds, the density of foraging birds, the number of species 
within a flock, the proportion of major constituents of mixed-species flocks (i.e. the proportion 
on dunlins, semipalmated sandpipers and short-billed dowitchers in Matts Landing and Bivalve, 
while the analysis for Fortescue also included proportions of sanderlings, red knots and ruddy 
turnstones) and duration of the video. The second set of models also included an offset variable 
specified as the number of foraging birds within the flock, as I was interested in relationships 
between the per-capita rate of aggression and explanatory variables (Zuur et al. 2009, Crawley 
2013). 
As the mean density of foraging flocks was significantly higher in Fortescue compared to 
two other study sites, in order to examine the effect of extreme bird densities on aggression of 
birds, I divided the data set collected in Fortescue in two parts – the first one included data for 
foraging flocks with densities below the median density value, while the second one included 
data for foraging flocks with densities above the median density value. The aforementioned 




The selected ZINB model that best supported data on the number of aggressive interactions 
in Matts Landing included the following predictors: Julian date, the log-transformed number of 
foraging birds, duration of the video and the proportion of short-billed dowitchers within the 
flock. 
μi = e 
julian + lnflocksize + seconds + proportion of L.griseus
 
where μi is the mean for count of interactions with negative binomial distribution (Zuur et al. 
2009). The model that best supported data on aggression scores for Matts Landing included: 
Julian date, the log-transformed number of foraging birds, the proportion of dunlins and 
semipalmated sandpipers within the flock. 
μi = e 
julian + lnflocksize + seconds + proportion of C.alpina + proportion of C. pusilla 
The final selected model for Matts Landing included the offset and the following explanatory 
variables: Julian date, duration of the video and the proportion of short-billed dowitchers. 
μi = e 
offset (lnflocksize) +
 
julian + seconds + proportion of L.griseus
 
The ZINB model that best supported data on the number of aggressive interactions in Bivalve 
included: Julian date, the log-transformed number of foraging birds and the log-transformed 
density of foraging birds. 
μi = e 
julian + lnflocksize + lndensity 
The best model on aggression scores in Bivalve included: the log-transformed number of 
foraging birds, the number of species within the flock and the proportion of short-billed 
dowitchers. 
μi = e 
lnflocksize + number of species + proportion of L.griseus
 
The model that included the offset for the number of interactions in Bivalve included the 




μi = e 
offset (lnflocksize) + julian + lndensity 
There are several selected negative binomial GLMs that best supported measures of 
aggression among shorebirds in Fortescue. The model for the number of aggressive interactions 
included: Julian date, the log-transformed number of foraging birds, duration of the video, the 
proportion of dunlins, red knots, sanderlings and ruddy turnstones within the flock. 
μi = e 
η (julian, lnflocksize, seconds, proportion of C.alpina, proportion of C.canutus, proportion of C.alba,  proportion of A. interepres)
 
where μi is the mean for count of interactions with negative binomial distribution and logarithmic 
link with the predictor function η (Zuur et al. 2009). The model that best supported the number 
of aggressive interactions for the data set with densities of foraging birds below the median value 
included the following predictors: Julian date, the log-transformed number of foraging birds, the 
log-transformed density of foraging birds, the number of species, duration of the video, the 
proportion of red knots, sanderlings and ruddy turnstones. 
μi = e 
η(julian, lnflocksize, lndensity, number of species, seconds, proportion of C.canutus, proportion of C.alba,  proportion of A. interepres)
 
The model for the number of aggressive interactions for the data set with densities of foraging 
birds above the median value included: Julian date, the log-transformed number of foraging 
birds, duration of the video, the proportion of dunlins and ruddy turnstones. 
μi = e 
η (julian, lnflocksize, seconds, proportion of C.alpina, proportion of A. interepres)
 
The best model for aggression scores in Fortescue included: Julian date, the log-transformed 
number of foraging birds, the number of species, duration of the video, the proportion of dunlins, 
short-billed dowitchers, red knots, sanderlings and ruddy turnstones. 
μi = e 
η (julian, lnflocksize, number of species, seconds, proportion of C.alpina,  proportion of L. griseus,  proportion of C.canutus, proportion 





The best model for aggression scores for the data set with densities of foraging birds below the 
median value included: Julian date, the log-transformed number of foraging birds, the log-
transformed density of foraging birds, the number of species, duration of the video, the 
proportion of short-billed dowitchers, red knots, sanderlings and ruddy turnstones. 
μi = e 
η (julian, lnflocksize, lndensity, number of species, seconds, proportion of L. griseus,  proportion of C.canutus, proportion of C.alba,  
proportion of A. interepres)
 
The best model for aggression scores for the data set with densities of foraging birds above the 
median value included: Julian date, the log-transformed number of foraging birds, duration of the 
video, the proportion of dunlins, semipalmated sandpipers, short-billed dowitchers, red knots, 
sanderlings and ruddy turnstones. 
μi = e 
η (julian, lnflocksize, seconds, proportion of  C. alpina,  proportion of C. pusilla, proportion of L. griseus,  proportion of C.canutus, 
proportion of C.alba,  proportion of A. interepres)
 
The selected model with the offset for the entire data set collected in Fortescue included: Julian 
date, the log-transformed number of foraging birds, duration of the video, the proportion dunlins, 
red knots, sanderlings and ruddy turnstones. 
μi = e 
η (offset (lnflocksize), julian, lnflocksize, seconds, proportion of C.alpina,  proportion of C.canutus, proportion of C.alba,  proportion of 
A. interepres)
 
The best model with the offset for the data set with densities of foraging birds below the median 
value included: Julian date, the log-transformed number of foraging birds, the log-transformed 
density of foraging birds, the number of species, duration of the video, the proportion of red 
knots, sanderlings and ruddy turnstones. 
μi = e 
η (offset (lnflocksize), julian, lnflocksize, lndensity, number of species, seconds,  proportion of C.canutus, proportion of C.alba,  





Finally, the best model with the offset for the data set with densities of foraging birds above the 
median value included: Julian date, the log-transformed number of foraging birds, duration of the 
video, the proportion of dunlins and ruddy turnstones. 
μi = e 
η (offset (lnflocksize), julian, lnflocksize, seconds, proportion of C.alpina,  proportion of A. interepres) 
An overview of selected models with significance level of predictors is listed in Tables 2.2 
and 2.3. I carried out all statistical analyses using R v3.1.0. (R Core Team 2014). 
Results 
In total, I analyzed 306 scan videos, 77 recorded in Matts Landing, 98 in Bivalve and 131 in 
Fortescue. The composition of mixed-species foraging flocks was different on study sites – 
habitats in Bivalve and Matts Landing were dominated by dunlins, semipalmated sandpipers and 
short-billed dowitchers, with smaller proportions of greater yellowlegs (Tringa melanoleuca) and 
lesser yellowlegs (Tringa flavipes) at the beginning of migration period, while semipalmated 
plovers (Charadirus semipalmatus) and black-bellied plovers (Pluvialis squatarola) joined the 
foraging flocks as the season progressed. In Fortescue, in addition to mentioned sandpipers and 
dowitchers, common foragers were red knots, sanderlings and ruddy turnstones as well.  
I recorded 1578 aggressive interactions on three study locations. Overall, both the number of 
intraspecific aggressive interactions per flock and intraspecific aggression scores were 
significantly higher compared to interspecific interactions – the mean number of intraspecific 
interactions per flock was 3.72 (range 0 – 53), while the mean number of interspecific 
interactions was 1.43 (range 0 – 24), (Wilcoxon test: p < 0.001); the mean interspecific 
aggression score was 7.32 (range 0 – 113) and the mean interspecific aggression sore was 2.3 
(range 0 – 40), (Wilcoxon test: p < 0.001). Accordingly, 72% of all observed interactions were 




for 87% of semipalmated sandpipers, 74% of short-billed dowitchers, 60% of red knots, 53% of 
sanderlings and 64% of ruddy turnstones. The most aggression to heterospecifics was exhibited 
by sanderlings which particularly often attacked semipalmated sandpipers (in 34% of events). 
For relationships among all other pairs of species see Table 2.4. For all recorded interspecific 
interactions, 60% was directed toward birds smaller than the attacker, 14% was directed toward 
similarly sized competitors, while 26% of interactions were directed toward larger competitors. 
Differences in per-capita rates of aggressive interactions were significant among species – 
the highest mean rate was recorded in ruddy turnstones (0.13 interactions/individual), while the 
least aggressive were dunlins (0.004 interactions/individual) (Kruskal-Wallis test: 
2
 = 190.12, df 
= 5, p < 0.001; post-hoc test with Bonferroni correction: for all combinations of species p < 0.05, 
except dunlins – dowitchers, p = 0.5; semipalmated sandpipers – red knots, p = 1; semipalmated 
sandpipers – sanderlings, p = 1 and red knots – sanderlings, p = 1) (Figure 2.5a ). Differences in 
aggression scores were also significant between species, with the highest mean score 
documented in short-billed dowitchers (2.35 ± 1.01) and lowest in sanderlings (1.73 ± 0.73) 
(Kruskal-Wallis test: 
2
 = 44.94, df = 5, p < 0.001; post-hoc test with Bonferroni correction: 
differences were significant at the level p < 0.05 among dowitchers and all other species, as well 
as between semipalmated sandpipers and sanderlings and semipalmated sandpipers and ruddy 
turnstones, p < 0.01) (Figure 2.5b). 
The highest level of aggression was recorded in Fortescue in terms of the number of 
aggressive interactions per flock, the per-capita rates of aggressive interactions, as well as 
aggression scores (for all variables differences were significant compared to Matts Landing and 
Bivalve, p < 0.001) (Table 2.5). Similarly, the mean flock density was significantly higher in 
Fortescue – the mean density in Fortescue was 9.23 individuals/m
2




density recorded at 50.86 individuals/m
2
, while the mean density in Matts Landing was 2.67 
individuals/m
2
 (± 2.48) and in Bivalve was 1.76 individuals/m
2
 (± 1.34) (Anova: F = 138.4, p < 
0.001; Tukey post-hoc test: Bivalve – Fortescue p < 0.001, Matts Landing – Fortescue p < 0.001; 
Bivalve – Matts Landing p = 0.0017). 
According to ZINB models applied to the data set from Matts Landing, significant predictors 
for the total number of interactions per flock were Julian date, flock size and proportion of short-
billed dowitchers within a foraging flock, with first two predictors positively correlated with the 
number of interactions, while the proportion of dowitchers was negatively correlated (Table 2.2, 
Figures 2.2 and 2.3). The model with an offset revealed that significant predictors for the per-
capita rate of interactions were Julian date and proportion of dowitchers, while Julian date, flock 
size and proportions of dunlins and semipalmated sandpipers were significant explanatory 
variables in the model for aggression scores. In Bivalve, Julian date was a significant predictor in 
both the model for the total number of interactions per flock and the model for per-capita rate of 
aggression, while the flock size was positively correlated significant predictor to the total number 
of interactions and aggression scores.  Density of foraging flocks was not a significant predictor 
of aggressive interactions neither in Matts Landing nor in Bivalve (although it was positively 
correlated with the total number of interactions per flock and marginally significant in Bivalve, p 
= 0.08). Surprisingly, duration of scan videos did not have significant effect on the observed 
number of aggressive interactions, while in Matts Landing that relationship was even negative 
and close to significance. Number of species was not a significant predictor on the impoundment 
and marsh, which is expected given that the incidence of interspecific interactions was much 




In Fortescue, the most consistent significant predictor was Julian date that was positively 
correlated with aggression measures in all negative binomial GLM models (Table 2.3, Figure 
2.4). In contrast to models for Matts Landing and Bivalve, duration of scan videos was also a 
positive significant predictor of both number of aggressive interactions and aggression scores. 
Similarly, the presence of ruddy turnstones was a significant predictor in majority of models, 
positively correlated with the response variables, while the presence of semipalmated sandpipers 
in foraging flocks had insignificant effect on the extent of aggression among birds. Interestingly, 
the flock density was not selected as a significant variable in models applied to the entire data set 
from Fortecue, but it was a significant predictor positively correlated with the total number of 
interactions per flock and per-capita rate of interactions, and marginally significant for 
aggression scores (p = 0.09) in models for density of flocks below the median density value. 
Discussion 
In Delaware Bay, shorebirds exhibited higher level of aggression toward conspecifics than 
toward members of other species, which is consistent with previous studies (Recher and Recher 
1969, Burger et al. 1979, Metcalfe and Furness 1987, Kalejta-Summers 2002). Intraspecific 
aggressive interactions are more common than interspecific interactions as conspecifics compete 
to get an access to similar resources (Morse 1980). During the breeding season intraspecific 
aggression is associated with acquisition of nest sites, mates and food, and intespecific 
aggression is related to defense of nest sites and food (Garcia and Arroyo 2002), while during 
stopovers both conspecifics and heterospecifics most likely compete over food and/or foraging 
space (Collwell 2000), as birds have relatively short period of time to replenish energy before 
continuing migration to northern breeding areas (Pienkowski and Evans 1984, Colwell 2010). 




intraspecific aggressive interactions and keep the individual distance through interspecific 
aggression, although in Delaware Bay this may be true only for birds that foraged on intertidal 
marshes and mudflats. Investigation of diversity and seasonal change in abundance of potential 
invertebrate prey on these habitats showed that food items were less abundant and more 
dispersed compared to a sandy beach where birds fed on horseshoe crab eggs (see Chapter 3, 
Dey et al. 2012). Therefore, the foraging birds were well spaced on these sites and never 
observed to compete over distinct food patches. On the other hand, horseshoe crab eggs were 
patchily distributed on sandy beaches, with thousands of eggs concentrated in crab nests 
(Mallory and Schneider 1979, Botton et al. 1994, Sullivan 1986), over which birds, both 
conspecifics and heterospecifics, actively competed to get an access to food. Even though I 
observed more intraspecific interactions, the incidence of interspecific interactions was higher 
than previously reported for shorebirds, particularly in Fortescue. Thus, sanderlings directed 
almost half of their attacks toward members of other species, mainly to semipalmated 
sandpipers, that were quite often attacked by turnstones, knots and dunlins as well. Members of a 
dominant species, through interspecific social dominance, gain access to resources as they are 
successful in supplanting subordinate species (Morse 1974). Dominant species are usually larger 
than subordinate ones, as aggression toward smaller-sized species is more profitable in terms of 
time and energy expenditure – larger individuals can easier displace smaller ones than those of 
similar size (Recher and Recher 1969, Morse 1974, Burger et al. 1979, Metcalfe and Furness 
1987, Langkilde and Shine 2004, Rychlik and Zwolak 2006). Thus, it is not surprising that 
semipalmated sandpipers were often attacked by larger constituents of foraging flocks.  
Overall aggression exhibited by foraging shorebirds was significantly higher in Fortescue 




so that the density of flocks was many folds higher on the beach than on the impoundment and 
mudflats, exceeding 50 birds per m
2
, increase in per-capita rate of aggression indicates that the 
change in frequency of interactions is not solely a consequence of observing greater number of 
birds. In addition to per-capita rates of aggression, aggression scores were also higher in 
Fortescue, implying more intense agonistic interactions, such as chases and fights instead of 
simple supplants or threat displays. In foraging groups, animals become aggressive if aggression 
brings benefits in terms of time and energy gain (Stilman et al. 1997, Goss-Custard et al. 1998), 
which can have an ultimate effect on individuals’ fitness (e.g. growth rate or fecundity) (Bryant 
and Grant 1995, Ryer and Olla 1996). Hence, defense of resources should be profitable if they 
are spatially clumped as animals, by defending relatively small patches, get an access to a good 
share of resources (Brown 1964, Grant 1993). Similar to my observations, Mallory and 
Schneider (1979) observed higher frequency of agonistic interactions among short-billed 
dowitchers feeding on Limulus eggs compared to control flocks feeding on more dispersed prey, 
while Sullivan (1986) recorded more aggressive encounters between ruddy turnstones foraging 
in areas with irregularly scattered food patches than in areas with more evenly distributed 
patches, after manipulating distribution of horse shoe crab eggs on the New Jersey shore. The 
increase in per-capita rate of aggression was also demonstrated in a few other studies where 
distribution of resources have been manipulated in the field – Monhagan and Metcalfe (1985) 
observed more aggression among wild brown hares (Lepus europaeus) as food became more 
clumped, while Goldberg et al. (2001) yielded similar results in an experiment with wild zenaida 
doves (Zenaida aurita). Patchy distribution and great abundance of horse shoe crab eggs allows 
birds to instantly consume eggs after reaching crab nests, so they can quickly restore energy 




their lipids are rapidly assimilated (Tsipoura and Burger 1999, Haramis et al. 2007), which 
makes aggressiveness even more profitable. For that reason, shorebirds that feed on crab eggs on 
sandy beaches may opt for more aggressive foraging tactics compared to birds that feed on 
mudflats where food is not just more dispersed, but also less abundant and represented with 
active prey which capturing requires greater energy expenditure. Likewise, Burger et al. (1979) 
observed much lower incidence of aggressive interactions on mudflats compared to the bay’s 
inner beaches. 
Contrary to my expectations, neither per-capita rate of aggression nor aggression scores 
changed with the density of shorebirds’ foraging flocks on the impoundment and intertidal 
marsh. While the flock size was a positive significant predictor of the total number of 
interactions per flock in majority of applied models, the lack of correlation between per-capita 
rates of interactions and flock densities indicates that such an increase in the number of 
interactions is rather a consequence of observing more birds than of increased aggressiveness in 
denser flocks (Myers 1984). Influence of shorebirds’ density on the rate of agonistic interactions 
among foragers has been reported in several studies where aggressiveness either increased with 
density (Goss-Custard 1977, Burger et al. 1979, Metcalfe and Furness 1987), or was suppressed 
at high densities (Burger et al. 1979, Puttick 1981, Stawarczyk 1984). Active defense of 
resources pays off when aggressive individuals obtain more of them than nonaggressive ones. On 
the other hand, aggression may not be profitable below the lower or above the upper threshold of 
resource/competitor densities (Grant et al. 2002, Dubois et al. 2003). Thus, the low density of 
competitors may account for the lack of interaction between per-capita rate of aggression and 
flock density in Bivalve, where birds were very spread out on mudflats during low tides and the 




observations from Matts Landing, where I recorded greater densities of foraging flocks, as well 
as higher per-capita rates of aggression and aggression scores compared to Bivalve. One 
probable explanation could be a higher actual and perceived risk of predation (Inger et al. 2006) 
that shorebirds faced on the impoundment, as it was frequently visited by peregrine falcons, bald 
eagles (Haliaeetus leucocephalus) and red-tailed hawks (Buteo jamaicensis). Several studies 
showed that escalated fights reduce the level of vigilance and thus increase predation risk 
(Jakobsson et al. 1995, Brick 1998), which is predicted by the game theory model as well 
(Dubois and Giraldeau 2005). Therefore, it is possible that the level of aggression in dense 
foraging flocks is lower than expected due to increased vigilance on the impoundment, although 
the interaction between vigilance and aggression is yet to be explored here.  
Similar to results from the impoundment and intertidal marsh, aggression did not positively 
correlate with flock density on the sandy beach when the analyses were conducted for the data 
set with the entire range of flock densities. However, the density of foragers was a positive 
significant predictor of per-capita rates of interactions and marginally significant predictor of 
aggression scores in flocks with density below the median value, while it remained insignificant 
predictor of these variables in denser flocks, although it had a negative effect on per-capita rates 
of aggression. This finding implies that the level of aggression increased with the flock density 
up to the threshold above which active interactions with competitors were no longer profitable. 
Several studies have demonstrated increase of aggression with competitors’ density up to the 
threshold above which the level of aggression declines (Jones 1983, Grant et al. 2000, Goldberg 
et al. 2002). I have not observed such a dome-shaped relationship between these two variables, 
though per-capita rates of aggression did slightly drop as the density continued increasing above 




significant decline in aggression rates, or it is possible that the level of aggression plateaued. The 
latter could happen due to different social status of individuals in denser flocks. Thus, Vahl et al. 
(2005) showed that the strength of aggression among ruddy turnstones depended on the relative 
dominant status of competitors, with dominant individuals being more aggressive. Similarly, 
Inger et al. (2006) observed differences in aggression intensity between social classes of brent 
geese (Branta bernicla), while Kaiser et al. (2013) did not observe predicted increase in 
aggression with the group density in poecilid fish (Xiphophorus sp.) most likely due to 








Table 2.1. Ethogram of interacting shorebirds with intensity values assigned to different 
behavioral patterns. 
Behavior Intensity value Description 
   
Threat display 1 The focal bird keeps individual distance by 
movements directed toward the intruder, usually with 
erected feather and slightly raised wings. 
Displacement without poking or hitting  1 The focal bird rapidly moves toward the rival, 
displacing it from the feeding area without poking it, 
hitting it or achieving any other kind of physical 
contact. 
Displacement with poking or hitting  2 The focal bird rapidly moves toward the rival, 
displacing it from the feeding area by pushing it using 
chest or poking it using bill. 
Poking or hitting 2 The focal bird pokes or hits the rival, without 
displacing it from the feeding area; this type of 
interaction was usually observed if the aggressor was 
smaller than the rival, e.g. the aggressor was a 
semipalmated sandpiper and the rival was a short-
billed dowitchers.  
Chasing 3 The focal bird rapidly chases the rival. 
Fight 4 The focal bird actively fights with the rival. 















Table 2.2. An overview of selected ZINB models that best support data on the number of aggressive interactions and aggression scores 
in Matts Landing (ML) and Bivalve (B). The upper row represents all explanatory variables included in the model selection process: 
Julian – Julian date when the scan video was recorded; Ln (size) – log-transformed number of foraging birds; Ln (density) –log-
transformed density of foraging birds; Sp. No. – number of species within a flock; DU – proportion of dunlins, SS – proportion of 
semipalmated sandpipers; SD – proportion of short-billed dowitchers and Seconds – duration of the video. Values represent estimated 
regression parameters for predictors included in the final model; significant predictors are shaded in dark grey (p < 0.05), while 
predictors close to significance are shaded in light grey (0.05 < p < 0.1). The “-“ shows which explanatory variables are not included 
in selected models. To determine relationships between the per-capita rate of aggression and explanatory variables, one group of 
models included an offset variable specified as the log-transformed number of foraging birds within a flock. 
 Predictors Julian Ln (size) Ln (density) Sp. No. DU SS SD Seconds 
Selected Models Response variable         
          
ML 
(without offset) 
Interactions 0.09 1.04 - - - - -1.86 -0.01 
ML 
(without offset) 
Aggression scores 0.11 1.11 - - 2.55 1.75 - -0.01 
ML 
(with offset) 
Interactions 0.09 - - - - - -1.86 -0.01 
B 
(without offset) 
Interactions 0.03 0.86 0.59 - - - - - 
B 
(without offset) 
Aggression scores - 0.71 - 0.57 - - -2.56 - 
B 
(with offset) 

















Table 2.3. An overview of selected negative binomial GLM models that best support data on the number of aggressive interactions 
and aggression scores in Fortescue. The upper row represents all explanatory variables included in the model selection process: Julian 
– Julian date when the scan video was recorded; Ln (size) – log-transformed number of foraging birds; Ln (density) –log-transformed 
density of foraging birds; Sp. No. – number of species within a flock; DU – proportion of dunlins, SS – proportion of semipalmated 
sandpipers; SD – proportion of short-billed dowitchers; RN –  proportion of red knots; SA – proportion of sanderlings;  RT – 
proportion of ruddy turnstones and Seconds – duration of the video. Values represent estimated regression parameters for predictors 
included in the final model; significant predictors are shaded in dark grey (p < 0.05), while predictors close to significance are shaded 
in light grey (0.05 < p < 0.1). The “-“ shows which explanatory variables are not included in selected models. To determine 
relationships between the per-capita rate of aggression and explanatory variables, one group of models included an offset variable 
specified as the log-transformed number of foraging birds within a flock. “F1” refers to models for data on foraging flocks with 
densities below the median density value, while “F2” refers to models for data on foraging flocks with densities above the median 
density value. 
 Predictors Julian Ln (size) Ln (density) Sp. No. DU SS SD RN SA RT Seconds 
Models Response variable            
             
F 
(without offset) 
Interactions 0.06 0.51 - - 0.85 - - 2.72 1.87 2.14 0.01 
F 
(without offset) 
Aggression scores 0.06 0.70 - -0.15 0.95 - 3.01 5.18 2.81 3.32 0.01 
F1 
(without offset) 
Interactions 0.03 0.56 0.36 -0.19 - - - 3.30 2.56 1.68 0.01 
F1 
(without offset) 
Aggression scores 0.03 0.51 0.33 -0.18 - - 4.67 3.14 3.19 2.21 0.01 
F2 
(without offset) 
Interactions 0.09 0.73 - - 2.04 - - - - 5.74 0.01 
F2 
(without offset) 
Aggression scores 0.07 0.89 - - 5.74 3.88 5.39 10.25 4.39 9.87 0.01 
F 
(with offset) 
Interactions 0.06 -0.49 - - 0.85 - - 2.72 1.87 2.14 0.01 
F1 
(with offset) 
Interactions 0.03 -0.44 0.36 -0.19 - - - 3.30 2.56 1.68 0.01 
F2 
(with offset) 




Table 2.4. Proportions of intraspecific and interspecific aggressive encounters among shorebirds. 
Attacking species Attacked species 
% of total number of aggressive 
encounters 
   
Dunlins Dunlins 83.4 
 Semipalmated sandpipers 10.4 
 Short-billed dowitchers 2.4 
 Red knots 1.2 
 Sanderlings 1.8 
 Ruddy turnstones 0.6 
Semipalmated sandpipers Semipalmated sandpipers 86.6 
 Dunlins 2.8 
 Short-billed dowitchers 0.7 
 Red knots 1.5 
 Sanderlings 5.0 
 Ruddy turnstones 2.8 
 Semipalmated plover 0.4 
Short-billed dowitchers Short-billed dowitchers 75.4 
 Dunlins 12.3 
 
 Semipalmated sandpipers 5.3 
 
 Red knots 3.5 
 Sanderlings 1.8 
 Ruddy turnstones 1.8 
Red knots Red knots 60.0 
 Dunlins 3.5 
 Semipalmated sandpipers 13.0 
 Short-billed dowitchers 4.4 
 Sanderlings 8.7 
 Ruddy turnstones 10.4 
 
Sanderlings Sanderlings 52.6 
 Dunlins 4.3 
 Semipalmated sandpipers 33.6 
 Short-billed dowitchers 0.9 
 Red knots 5.2 
 Ruddy turnstones 3.4 
Ruddy turnstones Ruddy turnstones 64.1 
 Dunlins 4.2 
 Semipalmated sandpipers 18.4 
 Short-billed dowitchers 0.3 
 Red knots 4.9 




Table 2.5. Mean number of interactions per flock, mean per capita number of interactions and 
mean aggression scores at the study locations. Differences were assessed with ZINB models. 
Study site 
Mean number of 
interactions 
Per capita number 
 of interactions 
Aggression scores 
Matts Landing 0.935  0.003  1.571  
Bivalve 0.388  0.001  0.633  
Fortescue 12.204  0.023  22.750  
Significance    
Matts Landing - 
Bivalve 
< 0.001 0.01 0.02 
Matts Landing - 
Fortescue 
< 0.001 < 0.001 < 0.001 









(a)       (b) 
Figure 2.1. Frequency of aggressive interactions (a) and aggression scores (b) in Matts Landing, 


















Figure 2.2. Pairplot of all variables collected from scan videos recorded in Matts Landing that are included in the model selection 
process. The response variables are the number of aggressive interactions (inter) and aggression scores (intens), while the explanatory 
variables are: Julian date (julian), the number of foraging birds (flocksizeforln), the density of foraging birds (densityforln), the 
number of species within a flock (numbsp), the proportion of dunlins (calp), the proportion of semipalmated sandpipers (cpus), the 








Figure 2.3. Pairplot of all variables collected from scan videos recorded in Bivalve that are included in the model selection process. 
The response variables are the number of aggressive interactions (inter) and aggression scores (intens), while the explanatory variables 
are: Julian date (julian), the number of foraging birds (flocksizeforln), the density of foraging birds (densityforln), the number of 
species within a flock (numbsp), the proportion of dunlins (calp), the proportion of semipalmated sandpipers (cpus), the proportion of 









Figure 2.4. Pairplot of all variables collected from scan videos recorded in Fortescue that are included in the model selection process. 
The response variables are the number of aggressive interactions (inter) and aggression scores (intens), while the explanatory variables 
are: Julian date (julian), the number of foraging birds (flocksizeforln), the density of foraging birds (densityforln), the number of 
species within a flock (numbsp), the proportion of dunlins (calp), the proportion of semipalmated sandpipers (cpus), the proportion of 
short-billed dowitchers (lgri), the proportion of red knots (ccan), the proportion of sanderlings (calb), the proportion of ruddy 









Figure 2.5. Interspecific differences in mean per-capita rates of aggressive interactions (a) and 
mean aggression scores (b). Calp refers to dunlins, Cpus – semipalmated sandpipers, Lgri – 





























































Assessing the importance of horseshoe crab eggs for migrating shorebirds through species-
specific PCR from fecal samples 
 
Abstract 
Each spring great number of shorebirds gather in Delaware Bay during the reproductive season 
of American horseshoe crabs (Limulus polyphemus) to capitalize on crab eggs. I examined the 
importance of horseshoe crab eggs for dunlins (Calidris alpina), semipalmated sandpipers 
(Calidris pusilla), least sandpipers (Calidris minutilla) and short-billed dowitchers 
(Limnodromus griseus) through polymerase chain reaction amplification of prey DNA within 
birds’ fecal samples with horseshoe crab specific primers designed for this study. Also, I 
examined the importance of amphipods as an alternative prey using amphipod-specific primers. I 
detected the consumption of crab eggs in all study species, although results suggest that eggs 
may be less important food source for least sandpipers than for other species. This study also 
suggests that consumption of eggs increases as the migration season progresses, which 
emphasizes the importance of crab eggs for late-coming birds. Considerable proportion of least 
sandpipers, semipalmated sandpipers and short-billed dowitchers consumed amphipods as well, 
with significantly lower number of birds that tested positive for this prey in late May. Such an 
inverse pattern in consumption of amphipods and crab eggs, with no documented significant 
change in the abundance of amphipods, suggests a strong preference of birds for horseshoe crab 






Migrating shorebirds stop at different sites along the migration route to regain body mass before 
continuing flight to breeding or wintering areas (Myers et al. 1987). These staging areas have 
proven to be of crucial importance for migrants, not just in terms of refueling lipids and proteins 
necessary for completion of migratory flight, but also in terms of reproductive success in 
northern breeding habitats (Drent et al. 2003, Baker et al. 2004). A set of anatomical and 
physiological adaptations allows shorebirds to efficiently assimilate energy from ingested food, 
which along with intense feeding at stopovers lead to rapid increase in their body mass (Piersma 
et al. 1999, Kvist and Lindstrom 2003). Hence, it is not surprising that those staging sites are 
usually of high-quality and that timing of stopovers is in concordance with peaks in prey 
abundance (Schneider and Harrington 1981, Van Gils et al. 2005). 
Shorebirds exploit ample food supplies along different migratory flyways. On their way to 
breeding sites in Northern Greenland and Canada, red knots capitalize on high densities of 
molluscs (Littorina sp. and Mytilus sp.) while on stopover in Iceland (Alerstam et al. 1992). 
Surfbirds (Calidris virgata) and black turnstones (Arenaria melanocephala) consume large 
number of Pacific herring (Clupea pallasii) eggs in Prince William Sound, Alaska, during spring 
migration (Norton et al. 1990, Bishop and Green 2001), while semipalmated sandpipers, least 
sandpipers and short-billed dowitchers replenish their fat reserves mostly by eating Corophium 
amphipods that reach peak numbers in the Bay of Fundy during southbound migration (Hicklin 
and Smith 1979, Hicklin 1987). In general, coastal areas provide high quality resources, more 
predictable in time and space compared to interior seasonal wetlands (Skagen, and Knopf 1993), 




as Yellow Sea in east Asia, Banc d’Arguin in Africa, Wadden Sea in Europe and Delaware Bay 
in North America (International Wader Study Group 2003). 
Each spring great number of shorebirds gather in Delaware Bay during the reproductive 
season of American horseshoe crabs (Limulus polyphemus) when the most abundant and most 
important resource for different species of shorebirds are horseshoe crab eggs (Myers 1986, 
Botton et al. 1994, Tsipoura and Burger 1999). Horseshoe crabs are distributed along the 
Atlantic Coast of North America, between 20° and 45°N, with the largest breeding population in 
Delaware Bay (Shuster 1982). After spending winter in deep waters, adult individuals migrate 
toward intertidal beaches where females lay clusters of eggs beneath the sand’s surface at depths 
ranging from 5 to 30 cm near the tide line (Shuster and Botton 1985, Brockmann 1990). In 
Delaware Bay, crab migration peaks in May and June, around the new and full moon tides, when 






 in beach surface sediments 
(Shuster and Botton 1985, Botton et al. 1994). Even though horseshoe crab eggs are relatively 
small food items for shorebirds (around 2 mm in diameter), such great abundance allows birds to 
quickly ingest large quantity of eggs and substantiate their energetic needs (Botton et al. 1994). 
In addition, eggs are easily digested, assimilated and metabolized in proteins and lipids which 
lead to rapid restoration of flight muscles and fatty deposits necessary for continuation of 
northward flights (Haramis et al. 2007, Niles et al. 2009). For that reason, it is not surprising that 
shorebirds in Delaware Bay experience higher fueling rates than elsewhere (Haramis et al. 2007). 
Red knots (Calidris canutus) gain around 4.6g/day at peak rate, which is the highest observed 
fattening rate for this species (Piersma et al. 2005), while semipalmated sandpipers, sanderlings 
(Calidris alba) and ruddy turnstones (Arenaria interpres) increase their body weight up to 70-




Although horseshoe crab eggs seem to be well suited food for migrating shorebirds due to 
great quantity and digestibility, the abundance of both crabs and their eggs significantly declined 
in Delaware Bay due to harvest of crabs for commercial bait fishery and biomedical research in 
the past two decades (Walls et al. 2002, Niles et al. 2009). It is estimated that the mean density of 
eggs available to shorebirds (the upper 5 cm of sediments) dropped more than 90% in the 2000s 
compared to the early 1990s (Niles et al. 2007). Such reduced supply of eggs has been linked to 
decreased refueling rates in the bay – significantly lower proportion of red knots was able to 
reach mass necessary to sustain their flight to breeding grounds in the period 1998-2002 (Baker 
et al. 2004), while birds in 2003 and 2005 failed to increase refueling rates near the end of 
stopover period (Atkinson et al. 2007). Similarly, Mizrahi et al. (2012) observed that 
semipalmated sandpipers achieved significantly lower rates of mass increase in periods 2000-
2004 and 2004-2008 compared to the period 1995-1997. In addition, decline in the number of six 
species of shorebirds in Delaware Bay during spring migration coincides with decreased 
availability of crab eggs – red knots, sanderlings, dunlins, semipalmated sandpipers, short-billed 
dowitchers and ruddy turnstones experienced negative population trends during the period 1998-
2007 (Niles et al. 2009). 
Despite such an apparent importance of horseshoe crab eggs for shorebirds while at stopover 
in Delaware Bay, the contribution of eggs to the diet of migrating shorebirds has been quantified 
in only two studies. Tsipoura and Burger (1999) analyzed stomach content of 7 species of 
shorebirds migrating through Delaware Bay and concluded that eggs represented a considerable 
portion of identified food items, especially in the gut of sanderlings, red knots and ruddy 
turnstones. Haramis et al. (2007) examined the importance of crab eggs for red knots and ruddy 
turnstones using stable isotope methods. They showed that increase of plasma δ
15




free-ranging birds followed the same pattern of increase as in trial birds fed with eggs in 
captivity. Here, I further explore the importance of horseshoe crab eggs for study species through 
polymerase chain reaction amplification of prey DNA within birds’ fecal samples. 
The use of PCR techniques for study of trophic interactions in the field has been on the 
constant rise in the last 15 years (Sheppard and Harwood 2005, King et al. 2008). To detect 
semidigested DNA from gut content, regurgitates or feces, this method requires primers that 
amplify relatively short fragments of prey but not predator DNA (King et al. 2008). Those 
primers can be general, when they amplify DNA of various species from different higher taxa, 
group-specific, when they amplify a range of species from a particular higher taxon (e.g. 
amphipods, ostracods, gastropods, etc.), or species-specific, designed to amplify one target prey 
species (Jarman et al. 2002, Jarman et al. 2004, King et al. 2008, Pompanon et al. 2011). For 
further identification of prey taxa, PCR products obtained with general or group-specific primers 
are cloned and sequenced or sequenced by next-generation sequencing; in both cases acquired 
sequences are identified via barcoding (Valentini et al. 2009, Pompanon et al. 2011, Taberlet et 
al. 2012). These techniques are successfully employed in dietary analyses of both invertebrate 
(Vestheim et al. 2005, Deagle et al. 2005, Suzuki et al. 2010, Davey et al. 2013) and vertebrate 
predators (Jarman et al. 2004, Deagle et al. 2009, Corse et al. 2010, Brown et al. 2011, Shehzad 
et al. 2012). To study the diet of birds under natural conditions, this approach was used to 
identify prey consumed by passerines (Sutherland 2000), krill species consumed by adelie 
penguins (Pygoscelis adeliae) (Jarman et al. 2002), and various invertebrates and fishes 
consumed by macaroni penguins (Eudyptes chrysolophus) and little penguins (Eudyptula minor) 




The diet of shorebirds was traditionally investigated by analysis of their stomach content 
after birds were killed for study purpose (Recher 1966, Holmes and Pitelka 1968, Worrall 1984, 
Davis and Smith 2001). Such an approach is, however, limited due to ethical reasons. In contrast, 
flushing of stomach content and its subsequent analysis does not require killing of predators, but 
it is still an invasive method that overlooks small and soft prey due to rapid digestion of food in 
shorebirds (Verkuil 1996). Collection of fecal samples is non-invasive and can be used for 
morphological identification of undigested prey remains, but feces of small sandpipers contain a 
little information about consumed prey (Schneider and Harrington 1981, Worrall 1984), and thus 
this method may not be suitable for the diet analysis of species included in this study. 
Even though consumption of crab eggs by migrating shorebirds had been confirmed by 
previous studies (Tsipoura and Burger 1999, Haramis et al. 2007), it is still not known whether 
crab eggs are of the same significance for the study species, neither it is known when shorebirds 
start utilizing this resource in the course of spring migration through Delaware Bay. Thus, given 
proven success of PCR based methods, my goals here are to examine if four species of interest 
equally rely on Limulus eggs while at stopover in Delaware Bay and when eggs become common 
prey type during northbound migration. This is accomplished by amplifying horseshoe crab 
DNA from birds’ fecal samples with horseshoe crab specific primers designed for this study. 
Also, I aim to identify additional food sources for migrating shorebirds and to examine the 
importance of amphipods as an alternative prey using amphipod-specific primers (Jarman et al. 
2006). The amphipod Corophium volutator was identified as the most important prey for 
semipalmated sandpipers in the Bay of Fundy during fall stopover (Hicklin and Smith 1979, 







The study was conducted from mid-March to beginning of June in 2011 and 2012, at four 
locations on the New Jersey side of Delaware Bay – Matts Landing, Thompson’s Beach, Bivalve 
and Fortescue (Figure 1.1). For details on study locations see Chapter 1. 
I collected fecal samples necessary for the diet analysis from individual birds during marking 
process that was conducted next to the main impoundment in Matts Landing and Fortescue 
throughout May 2011 and 2012, in collaboration with New Jersey Audubon Society. Birds were 
captured with mist nets (12 m x 2.6 m, 38 mm mesh size) and bungee cord-powered “whoosh” 
nets, both set on the shore; feces was collected from foil-lined boxes in which birds were placed 
after removal from the nets. Fecal samples were stored in 95% ethanol and kept at 4°C until 
DNA has been extracted (Table 3.1). All handling of birds was conducted in accordance with 
permission of The College of Staten Island Institutional Animal Care and Use Committee 
(approval # CSI-11-003). 
To investigate diversity and seasonal change in abundance of potential invertebrate prey, I 
took benthic core samples within foraging areas in Matts Landing, Thompson’s Beach and 
Bivalve from mid-April to beginning of June 2011. Preliminary research in 2010 showed that 
horseshoe crab eggs were the only food items present at feeding sites in Fortescue, and for that 
reason I did not collect substrate at this location in the subsequent year. Sampling was conducted 
with a plastic pipe 7.62 cm in diameter, to a depth of 10 cm, which was estimated as the 
maximum depth that can be reached by short-billed dowitchers (Weber and Haig 1997). Each 
sample was washed through a set of 2 sieves (mesh size 1 mm and 0.5 mm), and all extracted 




18 randomly chosen points along transects at two opposite sides of the main impoundment every 
one to two weeks, while sampling in Thompson’s Beach and Bivalve was limited due to inability 
to safely access remote areas of mudflats. Thus, in Bivalve I collected samples from randomly 
chosen points along the 40 meter long transect of a mudflat, whereas in Thompsons Beach I took 
samples from a couple of randomly chosen points close to the edge of a mudflat. In total, I have 
collected 111 core samples and extracted 4462 invertebrates that were identified mainly to an 
order or family level according to Pollock (1998). A certain number of damaged individuals 
remained unidentified. Details on sampling dates, the number of collected soil samples and 
invertebrates are listed in Appendix 3.1. 
In May 2012, I collected tissue from a blue crab (Callinectes sapidus), a specimen of ribbed 
mussel (Geukensia demissa), two specimens of eastern mud snail (Ilyanassa obsoleta) and birds 
found dead on the edge of the main impoundment in Matts Landing (two semipalmated 
sandpipers and one short-billed dowitchers). Also, I collected horseshoe crab eggs from a couple 
of crab nests in Fortescue where birds intensely foraged. These specimens were used as a source 
of DNA for empirical testing of primers. 
Primer design 
Design of taxon-specific primers is accomplished by alignment of sequences from target prey, 
non-target prey and predators, and recognition of primer binding sites – short sequences 
conserved within a target taxon but absent in non-target taxa (Jarman et al. 2004, King et al. 
2008). To design Limulus-specific primers I chose a mitochondrial gene for the cytochrome 
oxidase I (COI), given that this gene has a higher substitution rate than some other genes, such as 
mitochondrial 16S or nuclear 18S genes, and it is more suitable for the design of species-specific 




(accession numbers: HQ 588747, HQ 588751, HQ 588753 and AF 370827). For non-target 
sequences I chose COI sequences for an Indo-Pacific horseshoe crab, Carcinoscorpius 
rotundicauda, one of four extant species of Limulidae family (Obst et al. 2012), and two other 
chelicerate species used by Giribet et al. (2002) to infer phylogeny of arthropods – a whip 
scorpion (Mastigoproctus giganteus) and oplion (Opilio parietinus) (GenBank accession 
numbers: JF896105, AF370828, JN018215 and AF370832). In addition, as non-target sequences 
I also included a couple of randomly chosen Chironomus spp. sequences, since chironomids 
were potential arthropod prey at study sites (Appendix 3.1; GenBank accession numbers: 
KC250748, KC250750, KC250752 and KC250754), as well as predator sequences – for a 
semipalmated sandpiper and short-billed dowitcher (GenBank accession numbers: DQ432805 
and EU525435). I aligned sequences using MUSCLE (Edgar 2004) and visually identified 
potential primer binding sites using BioEdit (Hall 1999) (Figure 3.1). The specificity of each 
potential primer pair expected to give 100-300 bp long fragments was evaluated in primer-
BLAST (Ye et al. 2012), while thermodynamic characteristics of oligonucleotides were analyzed 
in OligoAnalyzer 3.1 (Owczarzy et al. 2008). One combination of primers, estimated to amplify 
around 236 bp long fragments, appeared to be Limulus-specific – a 20 bp forward sequence 
(CGAGCCGAACTTGGCCAACC) and a 28 bp reversed sequence 
(GCTGATCTGAGTAATAGAAGAAAAGATG). However, the forward sequence had 
capability to form stable self-dimers, while the reverse sequence had a low GC content. In order 
to improve their characteristics, I substituted G with A on the 14th position and A with T on and 
18th position in the forward primer, as well as A with G on the 21st position in the reverse 




Limr300 – GCTGATCTGAGTAATAGAAGGAAAGATG, were subject to further empirical 
testing. 
DNA extraction and amplification 
DNA from fecal samples was extracted using the QIAamp DNA Stool Mini Kit 
(Qiagen,Valencia, CA) following the manufacturer’s protocol with modification from Zeale et al. 
(2011). DNA was extracted from 176 fecal samples; details on the number of samples for each 
species, per year and location, are listed in Table 3.1. From animals’ tissues DNA was extracted 
with the Qiagen DNeasy Blood and Tissue Kit (Qiagen,Valencia, CA) according to the 
manufacturer’s protocol. Extractions of DNA from both feces and tissue included negative 
controls to check for cross-contamination. 
I used several primers to verify DNA extraction success. Extractions from invertebrate 
tissues were checked with the universal primers LCO1490 and HCO2198 that amplify a 710 bp 
fragment of the COI gene from various invertebrate phyla (Folmer et al. 1994), while extractions 
from bird tissues were checked with BirdF1 and BirdR1 primers that amplify a 750 bp long 
segment of the COI gene from a wide range of bird species (Hebert et al. 2004). I checked fecal 
extractions with the universal primers BilSSU1100f and BilSSU1300r that amplify a 245 bp long 
region of the 18S gene from numerous bilaterians (Jarman et al. 2004). Since these bilaterian 
primers amplify DNA in both predators and prey, they do not necessarily indicate the presence of 
prey DNA in fecal extractions, but rather the presence of amplifiable DNA. In further analyses 
with prey-specific primers I included only tissue and fecal extractions that were positive when 
tested with the aforementioned primers. PCRs were carried out in 10μl reactions containing 5μl 
of Multiplex PCR Master Mix (Qiagen), 1μl of bovine serum albumin (0.4 μg/μl , Promega), 




conditions were 95°C for 15 min, 35 cycles at 94°C for 30 s, 52°C (for LCO1490 and 
HCO2198), 51°C (for BirdF1 and BirdR1) or 62°C (for BilSSU1100f and BilSSU1300r) for 90 
s, 72°C for 90 s, and a final extension at 72°C for 10 min. All PCR products were checked on 1% 
agarose gel stained with ethidium bromide. Details for success or failure in amplifying DNA 
from a range of animal species are given in Appendix 3.2. 
I empirically tested the specificity of Limf92 and Limr300 primers on horseshoe crab DNA, 
various invertebrates collected in the field, as well as shorebirds’ DNA (Table 3.2); optimal 
annealing temperature was determined along the temperature gradient varying from 50 to 60°C. 
All PCRs included one positive control – horseshoe crab’s DNA, to check for amplification 
success, as well as one to several negative controls with nuclease free water instead of DNA to 
test for cross-contamination. Each PCR (10μl) contained 5μl of Multiplex PCR Master Mix, 1μl 
of bovine serum albumin, 0.25μl of each forward and reverse primer (10μM) and 1μl of template 
DNA. The thermal conditions were 95°C for 15 min, 40 cycles at 94°C for 30 s, 59°C for 90 s, 
72°C for 90 s, followed by a final extension at 72°C for 10 min. 
When PCR techniques are used in the diet analyses, under ideal circumstances predators are 
fed with target prey in laboratory setting to estimate if prey DNA can be amplified with 
particular primers after it passes through the predator’s digestive system and how long after 
ingestion it can be detected (King et al. 2008). Such feeding trials were conducted in many 
studies with invertebrate predators (Harper et al. 2006, King et al. 2010, Davey et al. 2013). 
However, it is not always possible to provide facilities where vertebrates, such as migratory birds 
can be kept, and it is not surprising that majority of studies where diet of wild vertebrates was 
explored lack such feeding experiments. To establish if I can successfully use Limulus-specific 




tested the primers on fecal samples collected in Fortescue. Given that I observed birds feeding on 
crab eggs, that no other prey items were found at the beach and that many fecal samples 
collected at that study site contained visible fragments of digested eggs, I could assess 
detectability of Limulus DNA in fecal samples without captive feeding trials.  
To investigate contribution of alternative prey to shorebirds’ diet, I used amphipod-specific 
primers AmphNSSf1 and AmphNSSr1 that amplify 204-375 long fragments of the 18S gene 
from various amphipod species (Jarman et al. 2006). I was not able to examine the accuracy of 
these primers as explained above, however these primer pairs were used to investigate the diet of 
Macaroni penguins, and temporal changes in consumption of different prey categories shown by 
group-specific PCRs were compatible with results of stomach content analysis (Deagle et al. 
2007). The PCR mix and thermal conditions were the same as described earlier (35 cycles), 
except that the annealing temperature was 67°C; the specificity of this temperature was 
empirically determined (Appendix 3.3). These PCR reactions also included positive, as well as 
negative controls to check for contamination. In order to verify the specificity of these primers, I 
sequenced an amplified product from one sample obtained from a least sandpiper and identified 
it using BLAST (Altschul et al. 1990). Prior to sequencing, PCR products were cleaned using 
ExoSap-IT (1μl per 10μl of PCR product); the sequencing was carried out in 10μl reactions 
containing 2μl of DTCS, 1μl of primer (10μM), 2μl of template and 5μl of nuclease free water. 
Data analysis 
I used Fisher’s exact test to assess differences in consumption of both horseshoe crab eggs and 
amphipods by different shorebird species. To examine when eggs become common prey during 
northward migration, I compared the number of birds that consumed and did not consume eggs 




that the sample size for dunlins and short-billed dowitchers was too small, and that only two least 
sandpipers were captured after May 20, I could conduct such comparisons only for semipalmated 
sandpipers. In mentioned analyses I did not include birds captured in Fortescue as horseshoe crab 
eggs are the only food available to shorebirds at that study site. In addition, birds that forage at 
various locations in Delaware Bay use Matts Landing mainly as a roosting site, so the analysis of 
samples collected there would better reflect the use of horseshoe crab eggs in the bay. 
Seasonal differences in the abundance of the most abundant prey categories (Nereididae, 
Spoionidae, Tubificidae and Gammaridea) were tested with Kruskal-Wallis test. Given that 
amphipods were absent at Thompson’s Beach, and that only one nereidid was collected there, 
samples from this site were not included in the analysis of corresponding prey categories. 
Similarly, spionids and tubificids were almost absent in Matts Landing, thus samples collected 
there were omitted from the analysis. Differences in the abundance of prey categories between 
study sites were tested by randomization test with 5000 replicates. I carried out statistical 
analyses using R v3.1.0. (R Core Team 2014). 
Results 
The primer pair Limf92 and Limr300 amplified horseshoe crab’s DNA, producing an amplicon 
long around 230 bp. None of the other tested invertebrates were amplified by these primers 
except DNA of a ribbed mussel, where a ~500 bp long sequence was amplified. Given the visible 
difference in the size of amplicons on agarose gel (Figure 3.2), I concluded that these primers 
were Limulus-specific and used them to infer the importance of horseshoe crab eggs in the diet of 
shorebirds. 
I tested 68 samples collected in Fortescue with Limulus-specific primers - only 5 fecal 




from least sandpiper and 1 from dunlin). Overall, the primers confirmed consumption of 
horseshoe crab eggs in 92.2% of checked samples. Out of 112 samples collected in Matts 
Landing, 50% tested positive for horseshoe crab’s DNA – 54% of semipalmated sandpipers (30 
of 56), 26% of least sandpipers (9 of 34), 82% of dunlins (9 of 11) and 78% of short-billed 
dowitchers (8 of 11) (Figure 3.3). Differences in consumption of eggs between species were 
significant (Fisher’s exact test: p = 0.0004). Also, lower proportion of semipalmated sandpipers 
consumed eggs in the beginning of May (21%) than in mid-May (50%) or in the end of the 
month (83%) (Fisher’s exact test: p = 0.002) (Figure 3.4). 
A 176 bp long sequence obtained from a least sandpiper sample confirmed that fecal DNA 
amplified with AmphNSSf1 and AmphNSSr1 primers belonged to an amphipod - Gammarus 
spp. (the closest BLAST matches with 99% similarity were Gammarus fasciatus, GenBank 
accession number EF582905, and Gammarus tigrinus, accession number EF582932). 
Amphipods were present in the diet of all study species, with significant differences in 
consumption of these crustaceans among species (Fisher’s exact test: p < 0.0001) – 45% of 
semipalmated sandpipers have eaten amphipods, 82% of least sandpipers, 9% of dunlins and 
64% of short-billed dowitchers (Figure 3.5).  
I identified 12 prey categories (Tables 3.3 and 3.4). The most abundant were tubificids, with 
the average abundance of 2529 individuals/m
2 
for all three study sites, followed by spionids – 
140 individuals/m
2
, nereidids – 98 individuals/m
2
 and amphipods 24 – individuals/m
2
. As 
expected, differences in prey composition between study sites were significant (randomization 
test: 
2
 = 7733.30, p < 0.001). Thus, the number of prey categories was the lowest in 
Thompson’s Beach where tubificids were the only abundant invertebrates, exceeding 6000 
individuals/m
2




Seasonal differences of the most abundant prey categories were not significant on any of the 
study locations (Kruskal-Wallis test: p > 0.05), except spionids that experienced noticeable 
decline at the end of migratory period in Bivalve (Kruskal-Wallis test: 
2
 = 14.43, df = 3, 
p =  0.0024). 
Discussion 
Both horseshoe crab and amphipod DNA were successfully amplified from fecal samples of four 
shorebird species, suggesting that prey DNA survives digestion and can be identified through 
PCR, which is consistent with many previous studies (Jarman et al. 2002, Deagle et al. 2007, 
Brown et al. 2011). In the Limulus-specific PCR, 92% of the samples collected in Fortescue 
tested positive for horseshoe crab’s DNA. Such a high rate of detection is expected, as shorebirds 
most likely feed exclusively on crab eggs at that site. In less than 8% of the samples that tested 
positive for bilaterian DNA (n=5), horseshoe crab DNA was not amplified, even though in three 
such samples fragments of digested eggs were found. These false-negatives are most likely the 
consequence of errors during DNA extractions, the presence of PCR inhibitors or damage of 
DNA during storage (Deagle et al. 2007, King et al. 2008), although it is possible that some of 
the eggs eaten by the birds had died and deteriorated before they were eaten (W. O. C. 
Symondson personal communication). Also, there is a possibility that in two samples from 
Fortescue Limulus DNA was not detected as captured birds had not fed recently, which was the 
common source of amplification failure in the diet study of Macaroni penguins (Deagle et al. 
2007). Despite the small percentage of false-negatives, the amplification success at 92% was 
higher than the species-specific amplification rate in feeding trials where captive carrion crows 




the Limulus-specific PCR I applied here is a reliable method to investigate consumption of 
horseshoe crab eggs by wild shorebirds. 
During a three year study period, I identified Matts Landing as an important resting area in 
Delaware Bay, where tens of thousands of shorebirds roost at the peak of migration period. Even 
though birds feed there too, majority of individuals gather in Matts Landing while unable to 
forage at other location during high tides. This conclusion was inferred based on flight directions 
of birds arriving at or departing from the main impoundment in Matts Landing, as well as on 
timing of arrivals and departures. In addition, I frequently observed individuals tagged in Matts 
Landing on exposed mudflats in Bivalve and Thompson’s Beach. As the gut transition time of 
prey DNA in birds varies from a couple of minutes to a couple of hours (Oehm et al. 2011), it is 
reasonable to assume that analysis of fecal samples collected in Matts Landing reflects utilization 
of currently available resources at various locations in the bay.  
This study shows that individuals of four shorebird species consumed horseshoe crab eggs, 
which is consistent with findings of previous studies (Tsipoura and Burger 1999, Haramis et al. 
2007). It appears that eggs are valuable food source for migrating shorebirds for several reasons. 
First, their abundance exceeds abundance of any other potential prey I collected in the Bay in 
2011. Thus, the mean density of crab eggs in the top 5 cm of beach sediments Bay wide was 
estimated at 9995 eggs/m
2
 in the period 2005-2012 (excluding Moore’s Beach on the New Jersey 
side and Mispillion Beach on the Delaware side of the bay where the mean densities were 77359 
eggs/m
2
 and 225519 eggs/m
2
 respectively) (Dey et al. 2012). Such a great abundance allows 
birds to quickly consume eggs when present in surface sediments and to achieve high fattening 
rates (Gillings et al. 2007). Second, crab eggs are easily digested and their lipids are rapidly 




(Tsipoura and Burger 1999, Haramis et al. 2007). The plasma levels of two lipid metabolites 
(triglycerides and β-OH butyrate) in semipalmated sandpipers that consumed crab eggs indicated 
that these birds experienced higher rates of lipid storage and mass gain than semipalmated 
sandpipers wintering in the Caribbean or those at stopovers in the south Atlantic Coast, where 
birds did not feed on eggs (Lyons et al. 2008). Third, horseshoe crab eggs are predictable food 
source that birds can rely on, so many shorebird species use Delaware Bay as the last major 
stopover before continuing long distance flight to the arctic breeding areas (Myers et al. 1987). 
Under the scenario of unpredictable supplies however, birds are forced to disperse between 
continuously changing ephemeral resources and to fly shorter distances until reach breeding 
grounds, such as the case with shorebirds that migrate across interior plains of North America 
(Skagen and Knopf 1993, Skagen et al. 2005). 
In spite of the fact that I detected consumption of crab eggs in all study species, there are 
significant differences in utilization of this resource by different species suggesting that eggs 
may not be equally important food type for all migrating sandpipers. Thus, less than a third of 
least sandpipers captured in Matts Landing tested positive for this prey, which is not surprising 
since least sandpipers widely foraged in vegetated areas of tidal marshes (see Chapter 1), that are 
not suitable for spawning activity of horseshoe crabs (Shuster and Botton 1985, Botton et al. 
1988). Tsipoura and Burger (1999) concluded that the largest portion of the gut content of least 
sandpipers captured at Thompson’s Beach consisted of horseshoe crab egg membranes. Even 
though I did observe these sandpipers eating eggs of crabs stranded in soft mud of Thompson’s 
Beach during low tides, substantial number of horseshoe crabs appeared there in the second half 
of May in both 2011 and 2012, a week or two after the median passage date of least sandpipers 




rely on horseshoe crab eggs during northbound migration, although they surely can benefit from 
this resource. The similar conclusion was drawn by Mizrahi et al. (2012), after they failed to 
detect long-term changes in energetic condition of birds in the period of pronounced decline of 
horseshoe crab populations in the Bay. 
In contrast to least sandpipers, Limulus DNA was amplified in majority of samples collected 
from dunlins and dowitchers. Even though these species reach peak numbers in mid-May, earlier 
than many other sandpiper in the Bay (see Chapter 1, Clark et al. 1993), and may miss the main 
spawning period of horseshoe crabs (Zimmerman et al. 2012), it seems that eggs considerably 
contribute to their diet while at stopover in Delaware Bay as birds start utilizing eggs as soon as 
the first crabs emerge along the Bay shoreline. Thus, I observed dunlins feeding on eggs in 
Fortescue in April 2012, while two samples collected in Matts Landing in early May tested 
positive for Limulus DNA (a dunlin captured on May 6 2011 and a dowitcher captured on May 4 
2012). High proportion of semipalmated sandpipers captured in Matts Landing also consumed 
eggs, especially later in May, as high as 80% at the end of the month. As the number of 
spawning crabs increases from late April throughout May (Botton et al. 2004), obviously more 
birds turn to this resource to gain mass before departing to breeding areas, which emphasizes the 
significance of crab eggs for this species at the end of stopover period. For that reason, Limulus 
eggs could be particularly important for late-coming birds – when eggs were sufficient, later 
arriving red knots were able to achieve similar weights as early arriving birds by consuming 
large quantities of eggs and increasing rates of energy deposition (Robinson et al. 2003, Atkinson 
et al. 2007). 
Overexploitation of horseshoe crabs and reduced number of their eggs in the bay, 




preference towards crab eggs (Niles et al. 2009). The biggest piece of evidence of such 
detrimental effect of diminished abundance of eggs for the condition and survival of migrating 
shorebirds came from studies of red knots (Robinson et al. 2003, Baker et al. 2004, Atkinson et 
al. 2007), although recently Mizrahi et al. (2012) demonstrated that semipalmated sandpipers 
also experienced lower rates of mass increase in the period of reduced availability of eggs. As 
declining of shorebirds in Delaware Bay coincide with declining of horseshoe crabs (Niles et al. 
2009), it is of great importance to measure the value of alternative food types in the bay. This 
study shows that, in addition to horseshoe crab eggs, amphipods were significant prey items for 
shorebirds, especially for least sandpipers. As discussed above, these sandpipers most likely 
depend on prey other than horseshoe crab eggs – various invertebrates available in habitats they 
frequently foraged in, so it is of no surprise that they consumed amphipods, which were common 
benthic organisms in Matts Landing and Bivalve. Considerable proportion of semipalmated 
sandpipers consumed these crustaceans as well, with significantly lower number of birds that 
tested positive for this prey in late May. Such an inverse pattern in consumption of amphipods 
and crab eggs, with no documented significant change in the abundance of amphipods during 
migration period in 2011, suggests a strong preference of birds for horseshoe crab eggs at the end 
of May, when eggs are readily accessible.  
This research demonstrates that various benthic invertebrates were present on tidal marshes 
and mudflats of Delaware Bay and available to shorebirds while at stopover. Some prey 
categories, such as nereidids and amphipods did not show significant fluctuations in abundance 
throughout the season which implies that they could be a reliable food source for birds during 
entire spring migration. Despite decline at the beginning of June, spionids could also be 




shorebirds while feeding. On the other hand, the most common worms on mudflats in 
Thompson’s Beach – tubificids, which abundance exceeded 7000 individuals/m
2
, might not be of 
a great value to shorebirds since they become regular visitors of this study location just after 
horseshoe crabs have stranded in soft mud in late May 2011 and 2012 (although Tsipoura and 
Burger (1999) detected these worms in the gut of both least and semipalmated sandpipers). 
Shorebirds are opportunists that exploit a broad range of invertebrate taxa, depending on the 
local prey availability (Recher 1966, Skagen and Oman 1996, Davis and Smith 2001). Recent 
studies showed that biofilm, that birds ingest by skimming the sediment surface, is also a 
valuable food source for shorebirds and may contribute up to 80% to total diet (Kuwae et al. 
2008, Mathot et al 2010, Kuwae et al. 2012, Quinn and Hamilton 2012). MacDonald et al. (2012) 
indicated that skimming employed by semipalmated sandpipers during fall stopover in the upper 
Bay of Fundy may also be used for consumption of microinvertebrates such as ostracods. I 
confirmed that dunlins and small sandpipers also utilized skimming of the sediment surface in 
Delaware Bay during spring migration (see Chapter 1), which together with documented 
invertebrate diversity implies that shorebirds in Delaware Bay can switch to other prey 
categories when eggs are not sufficient. However, the question is whether these prey items are of 
comparable quality to eggs and whether long-distance migrants, that use the bay as the last 
stopover site before continuing to breeding areas, in a short period of time can accumulate 
enough energy to sustain their final migratory flight and survive hostile conditions they 
encounter on breeding grounds.  
Migratory species are more susceptible to habitat destruction than residents as they spend 
considerable portion of their annual cycle on migration routes and could be impaired by changes 




migrating shorebirds as they depend on a small number of strategic stopovers where they reach 
high abundance (Brown et al. 2001). Novel PCR-based methods in the analysis of trophic 
interactions offer opportunities for assessing the importance of alternative food types for 
shorebirds in Delaware Bay, which seems like an ultimate task in future research given the 








Table 3.1. Overview of collected bird fecal samples: total of 176 samples – C. alpina 29, 
C. pusilla 94, C. minutilla 38, L. griseus 15. 
Species 
2011 2012 
Matts Landing Fortescue Matts Landing Fortescue 
Calidris alpina 6 13 5 5 
Calidris pusilla 13 16 43 22 
Calidris minutilla 12 0 22 4 
Limnodromus griseus 4 1 7 3 
 




































Table 3.2. Limulus polyphemus and non-target taxa tested for specificity with Limf92 
and Limr300 primers. All specimens were collected at study sites, except C. alpina and 
C. minutilla which tissues are obtained from the American Museum of Natural History 
(catalog numbers DOT11446 and DOT7619). 
Taxon Collection site PCR amplification Amplicon length 
    
   Limulus polyphemus Fortescue + ~236 bp 
Nemertea    
   Unidentified sp.  Heislerville -  
Gastropoda    
   Ilyanassa obsoleta Thompson’s Beach -  
Bivalvia    
   Unidentified sp.  Heislerville -  
   Geukensia demissa Heislerville + ~500 bp 
Nereididae    
   Unidentified sp.  Heislerville -  
   Unidentified sp.  Bivalve -  
Spionidae    
   Streblospio benedicti Bivalve -  
Phyllodocidae    
   Unidentified sp. Bivalve -  
   Unidentified sp. Heislerville -  
Capitellidae    
Unidentified sp. Heislerville -  
Unidentified sp. Heislerville -  
Tubificidae    
   Unidentified sp. Thompson’s Beach -  
   Unidentified sp. Bivalve -  
Amphipoda    
   Unidentified sp. Heislerville -  
   Unidentified sp. Bivalve -  
Isopoda    
   Cyathura pollita Heislerville -  
Decapoda    
   Callinectes sapidus Heislerville -  
Chironomidae    
   Unidentified sp. Heislerville -  
   Unidentified sp. Bivalve -  
   Unidentified sp. Bivalve -  
Scyomizidae    
   Unidentified sp. Bivalve -  
   Unidentified sp. Bivalve -  
   Unidentified sp. Bivalve -  
Scolopacidae    
   Calidris alpina Queens, NY -  
   Calidris pusilla Heislerville -  
   Calidris minutilla Manitoba, Canada -  




Table 3.3. Mean abundance (m
-2
) of benthic invertebrates collected at the study sites for the 
entire study season. 










Nemertea 0.11 5.67 0.00 0.00 0.00 0.00 0.04 1.89 
Bivalvia 0.10 5.00 0.04 1.79 0.10 5.00 0.08 3.93 
Gastropoda 0.00 0.00 0.00 0.00 0.25 12.50 0.08 4.17 
Nereididae 2.66 133.17 3.19 159.29 0.05 2.50 1.97 98.32 
Phyllodocidae 0.04 1.89 0.36 18.21 0.05 2.50 0.15 7.53 
Spionidae 0.05 2.58 7.46 372.86 0.87 43.44 2.79 139.63 
Ampharetidae 0.00 0.00 0.07 3.57 0.00 0.00 0.02 1.19 
Capitellidae 1.19 59.56 0.00 0.00 0.00 0.00 0.40 19.85 
Tubificidae 0.33 16.31 14.90 744.82 136.53 6826.56 50.58 2529.23 
Gammaridea 1.14 56.94 0.34 16.79 0.00 0.00 0.49 24.58 
Cyathura pollita 0.09 4.42 0.03 1.25 0.00 0.00 0.04 1.89 
Chironomidae 0.20 10.00 0.79 39.29 0.00 0.00 0.33 16.43 
Scyomizidae 0.00 0.00 0.66 33.21 0.44 22.19 0.37 18.47 






























Table 3.4 Mean abundance (m
-2
) of benthic invertebrates collected at the study sites per 
collection date – Matts Landing (ML), Bivalve (B), Thompson’s Beach (TB) and the average for 
all three locations (all). 


















Nemertea 3.33 0.00 0.00 1.11 0.00 0.00 0.00 0.00 
Bivalvia 0.00 0.00 0.00 0.00 18.75 0.00 10.00 9.58 
Gastropoda 0.00 0.00 0.00 0.00 0.00 0.00 50.00 16.67 
Nereidae 136.67 230.00 0.00 122.22 175.00 264.29 10.00 149.76 
Phyllodocidae 6.67 30.00 0.00 12.22 0.00 42.86 10.00 17.62 
Spionidae 6.67 320.00 43.75 123.47 0.00 714.29 40.00 251.43 
Ampharetidae 0.00 0.00 0.00 0.00 0.00 7.14 0.00 2.38 
Capitellidae 36.67 0.00 0.00 12.22 62.50 0.00 0.00 20.83 
Tubificidae 26.67 1315.00 7256.25 2865.97 0.00 400.00 7300.00 2566.67 
Gammaridea 83.33 10.00 0.00 31.11 18.75 28.57 0.00 15.77 
C. pollita 3.33 5.00 0.00 2.78 18.75 0.00 0.00 6.25 
Chironomidae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Scyomizidae 0.00 40.00 18.75 19.58 0.00 28.57 50.00 26.19 
Unidenified 20.00 30.00 0.00 16.67 12.50 0.00 0.00 4.17 


















Nemertea 25.00 0.00 0.00 8.33 0.00 0.00 0.00 0.00 
Bivalvia 6.25 0.00 10.00 5.42 0.00 7.14 0.00 2.38 
Gastropoda 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nereidae 125.00 57.14 0.00 60.71 87.50 85.71 0.00 57.74 
Phyllodocidae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Spionidae 0.00 310.00 70.00 126.67 6.25 14.29 20.00 13.51 
Ampharetidae 0.00 0.00 0.00 0.00 0.00 7.14 0.00 2.38 
Capitellidae 81.25 0.00 0.00 27.08 81.25 0.00 0.00 27.08 
Tubificidae 37.50 864.29 6680.00 2527.26 6.25 400.00 6070.00 2158.75 
Gammaridea 75.00 28.57 0.00 34.52 43.75 0.00 0.00 14.58 
C. pollita 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Chironomidae 0.00 0.00 0.00 0.00 50.00 157.14 0.00 69.05 
Scyomizidae 0.00 50.00 20.00 23.33 0.00 14.29 0.00 4.76 
Unidenified 25.00 0.00 0.00 8.33 6.25 21.43 20.00 15.89 


















Figure 3.1. Alignment of sequences that was used for design of Limulus-specific primers: (a) 
forward primer Limf92 and (b) reverse primer Limr300. Primers binding sites are conserved 




Figure 3.2. Agarose gel of PCR products from four different species of invertebrates tested with 
Limulus-specific primers Limf92 and Limr300. Lane L: 100 bp DNA ladder; lane 1: Limulus 
polyphemus; lanes 2 and 3: Ilyanassa obsoleta; lane 4: Bivalvia, unidentified sp; lane 5: 
Geukensia demissa. Primers amplify a ~ 230 bp long sequence of horseshoe crab DNA and a 
~500 bp long sequence of ribbed mussel DNA. 









Figure 3.4. Increase in consumption of Limulus eggs by semipalmated sandpipers as May 


















































10-day intervals in May 































































Appendix 3.1. In order to investigate diversity and seasonal change in abundance of potential 
invertebrate prey, I collected 111 soil samples on three study locations: Matts Landing – 57 
samples (April 9 – 18, April 15 – 15, April 30 – 8, May 14 – 8, June 1 – 8); Bivalve – 31 samples 
(April 15 – 10, April 30 – 7, May 14 – 7, June 1 – 7); Thompson’s Beach – 23 samples (April 15 
– 8, April 30 – 5, May 14 – 5, June 1 – 5). The number of collected invertebrates per sample 
ranged 2-17 in Matts Landing, 4-250 in Bivalve and 31-272 in Thompson’s Beach. Table 
represents mean and total number of benthic invertebrates collected at the study sites per 








Taxon av Σ av Σ av Σ av Σ av Σ 
             
Nemertea 0.00 0 0.07 1 0.00 0 0.50 4 0.00 0 0.11 5 
Bivalvia 0.00 0 0.00 0 0.38 3 0.13 1 0.00 0 0.10 4 
Gastropoda 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 
Nereididae 2.83 51 2.73 41 3.50 28 2.50 20 1.75 14 2.66 154 
Phyllodocidae 0.06 1 0.13 2 0.00 0 0.00 0 0.00 0 0.04 3 
Spionidae 0.00 0 0.13 2 0.00 0 0.00 0 0.13 1 0.05 3 
Ampharetidae 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 
Capitellidae 0.72 13 0.73 11 1.25 10 1.63 13 1.63 13 1.19 60 
Tubificidae 0.22 4 0.53 8 0.00 0 0.75 6 0.13 1 0.33 19 
Gammaridea 1.28 23 1.67 25 0.38 3 1.50 12 0.88 7 1.14 70 
Cyathura pollita 0.00 0 0.07 1 0.38 3 0.00 0 0.00 0 0.09 4 
Chironomidae 0.00 0 0.00 0 0.00 0 0.00 0 1.00 8 0.20 8 
Scyomizidae 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 





















Collection date 4/15 4/30 5/14 6/1 av 
ALL 
Σ 
ALL Taxon av Σ av Σ av Σ av Σ 
Nemertea 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 
Bivalvia 0.00 0 0.00 0 0.00 0 0.14 1 0.04 1 
Gastropoda 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 
Nereididae 4.60 46 5.29 37 1.14 8 1.71 12 3.19 103 
Phyllodocidae 0.60 6 0.86 6 0.00 0 0.00 0 0.36 12 
Spionidae 6.40 64 14.29 100 8.86 62 0.29 2 7.46 228 
Ampharetidae 0.00 0 0.14 1 0.00 0 0.14 1 0.07 2 
Capitellidae 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 
Tubificidae 26.30 263 8.00 56 17.29 121 8.00 56 14.90 496 
Gammaridea 0.20 2 0.57 4 0.57 4 0.00 0 0.34 10 
Cyathura pollita 0.10 1 0.00 0 0.00 0 0.00 0 0.03 1 
Chironomidae 0.00 0 0.00 0 0.00 0 3.14 22 0.79 22 
Scyomizidae 0.80 8 0.57 4 1.00 7 0.29 2 0.66 21 




Collection date 4/15 4/30 5/14 6/1 av 
ALL 
Σ 
ALL Taxon av Σ av Σ av Σ av Σ 
Nemertea 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 
Bivalvia 0.00 0 0.20 1 0.20 1 0.00 0 0.10 2 
Gastropoda 0.00 0 1.00 5 0.00 0 0.00 0 0.25 5 
Nereididae 0.00 0 0.20 1 0.00 0 0.00 0 0.05 1 
Phyllodocidae 0.00 0 0.20 1 0.00 0 0.00 0 0.05 1 
Spionidae 0.88 7 0.80 4 1.40 7 0.40 2 0.87 20 
Ampharetidae 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 
Capitellidae 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 
Tubificidae 145.13 1161 146.00 730 133.60 668 121.40 607 136.53 3166 
Gammaridea 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 
Cyathura pollita 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 
Chironomidae 0.00 0 0.00 0 0.00 0 0.00 0 0.00 0 
Scyomizidae 0.38 3 1.00 5 0.40 2 0.00 0 0.44 10 












Appendix 3.2. Various taxa tested with BilSSU1100f and BilSSU1300r primers. All 
specimens were collected at study sites, except C. alpina and C. minutilla which tissues 
are obtained from the American Museum of Natural History (catalog numbers DOT11446 
and DOT7619). 
Taxon Collection site PCR amplification Amplicon length 
    
Amphipoda    
   Unidentified sp. Matts Landing + ~245 bp 
Nereididae    
   Unidentified sp.  Matts Landing + ~245 bp 
Limulus polyphemus Fortescue + ~245 bp 
Scolopacidae    
   Calidris alpina Queens, NY + ~245 bp 
   Calidris pusilla Matts Landing + ~245 bp 
   Calidris minutilla Manitoba, Canada + ~245 bp 


































Appendix 3.3. Amphipods and non-target taxa tested for specificity with AmphNSSf1 and 
AmphNSSr1 primers. All specimens were collected at study sites, except C. alpina and C. 
minutilla which tissues are obtained from the American Museum of Natural History (catalog 
numbers DOT11446 and DOT7619). 
Taxon Collection site PCR amplification Amplicon length 
    
Amphipoda   ~200 bp 
   Unidentified sp. Heislerville +  
   Unidentified sp. Heislerville +  
   Unidentified sp. Heislerville +  
   Unidentified sp. Heislerville +  
   Unidentified sp. Heislerville +  
   Unidentified sp. Bivalve +  
Nemertea    
   Unidentified sp. Heislerville -  
   Unidentified sp.  Heislerville -  
Gastropoda    
   Ilyanassa obsoleta Thompson’s Beach -  
Bivalvia    
   Unidentified sp.  Heislerville -  
   Geukensia demissa Heislerville -  
Nereididae    
   Unidentified sp.  Heislerville -  
   Unidentified sp.  Bivalve -  
Spionidae    
   Streblospio benedicti Bivalve -  
Phyllodocidae    
   Unidentified sp. Bivalve -  
   Unidentified sp. Heislerville -  
Capitellidae    
Unidentified sp. Heislerville -  
Tubificidae    
   Unidentified sp. Thompson’s Beach -  
   Unidentified sp. Bivalve -  
Limulus polyphemus Fortescue -  
Isopoda    
   Cyathura pollita Heislerville -  
Decapoda    
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